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foSiMoeo 

This  book  puts  forth  tlic  results  of  rssssroh  oo  the  theory 
of  detensti<si  of  ooodensed  oonduotod  at  a  braneh  of  t'.be 

Institute  of  CbttBiesl  Physios  of  the  Acadeair  of  Soienses  of  the 
USSX.  The  book  is  designed  for  solentlfio  personoel  and  engineers 
lUTolred  with  researeh  and  prectioal  work  on  detonation,  and  also 
for  students  and  grsduate  students,  speelaUsing  in  the  theory  of 
tta  physics  of  conbustlon  and  esploeions . 

The  use  of  condensed  eiplcslres  is  at  the  present  tim  beocfslng 
001^  smd  snre  widespresd.  This  esn  be  explained  by  the  srowing 
interest  of  investigators  in  the  phenomnon  of  detonation. 

The  basic  uodorlylng  Ideas  in  the  deTel(H>^bb  of  ooneepts  on 
ths  mobsnlSM  of  detonation,  ehi^  stisuXated  widespread  forsaaa- 
tiea  of  experlMntal  reaearch,  belong  to  the  doviet  soiantiets: 

Ta.  8.  SelMovich,  Tu.  B.  I&ariton  and  K.  I.  Shohelklu.  The  oasas 
of  these  scientists  are  eoimsoted  with  ideas  of  a  physical  sodel 
of  a  detofuitlon  wave,  with  the  Halts  of  excitation  and  propagation 
of  dstonatlcm  and  of  ths  univorsal  instability  of  a  detonation 
fre«t  in  besso^neous  explosive  iwdia. 

Ths  jsreeent  book  gives  further  develqpsesnt  to  problesss  of  the 
theory  of  detonation  for  oondensed  explosives.  Such  a  possibility 
Ifchs  (w  a  result  of  the  fact  that  at  present,  fdianks  to 
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vs»  aitf  ^  tis#  p»?£\BotioQ  of  vzpcrlMntai 

t9^3»olejsr»  li^orttefc  twtf  •xp«?igsst«I  (2ata  hav«  t>€«n  obtained  In 
tbs  direction. 

e  s  a 


In  the  introduction  tbe  basic  probleaa  of  the  etudy  of 
datonation  of  condensed  esplosives  itre  briefly  forsulated.  The 
p3moa»nol(^oal  theory  of  detonation  it  expounded  In  Chapter  1  as 
ep^lied  to  condensed  explosives:  the  elaasieal  theory*  the  theory 
of  Sel'dovled)  and  tbe  theory  of  a  Qua8l>0tationtry  detonation  front, 
(^^sr  II  ciwa  the  results  of  inreetl^tioM  of  the  Boehanisa  of 
tha  initiation  of  detonation  in  liquid  and  solid  explosives  by 
9h9e^  naves,  ka  account  la  sItm:  here  of  tl»  volusinous  aiqieriawntal 
data  ea  the  strueturo  of  flow  durlns  tha  fonMtlon  of  detonation. 

ZIX  t^a  up  the  results  of  invastlsations  of  the  process 
of  ^tonetion  in  liquid  rxploelvea.  This  chapter  oxaaines  the 
esperlaenta  in  vhlch  it  uas  established  that  in  a  nusiber  of  liquid 
esplealvas  tbe  detonation  fzont  hat  a  heterogeneous  pulsatlns 
character  ^  gives  qualitative  explanations  to  tbe  liaits  of  tbe 
exi8t««»  of  8«^  detonation.  Chapter  XV  generalises  the  results 
of  inv^lgatloea  of  the  process  of  detonstlon  in  solid  explosives. 
Chapter  V  eaasines  tbe  nature  of  tbe  oritieal  diasiter.  Special 
dtteetiOGa  la  hare  given  to  the  study  of  pulsations  of  the  surface 
diBcnsien  of  the  detonation  front  in  liquid  explosives. 

^  sothors  ezprees  their  deep  gratitude  to  Acadeaiclan  N.  H. 
Scss^ov  fhr  his  support  of  this  research  at  its  start  and  his 

interest. in  the  results  during  tbe  Investigations*  to 
dosd;x3ician  Ya.  B.  Sel*dovl^  for  his  mnserous  discussions  of  the 
valeshle  et^ervstlons  end  advice  during  the  Investigations 
esd  h&C  sarh  on  tha  a&nuscript*  to  oo.Yospondent  eeabera  i.  1, 
hed  S«  X.  Soloi^dtUt*  and  also  to  P.  I.  Dubovltsiciy*  To.  K. 

S&Smov*  V.  V.  hitrofteov  and  R.  Ye,  TOpchiyan  for 
^ntoaootlns  and  useful  discussions  on  tbs  theory  of 


detonation  In  connection  with  tbs  '&iltcdM'  dim  9sp)Sj!*is3ntal  ?9ault8 
and  data. 

The  authors  consider  it  their  pleftsant  dut?  to  thank  0.  K. 
Rox&nov,  G.  A.  Adadurov,  S.  A.  Koldunov 9  V.  A.  Vewtannlkov,  and 
A.  N.  Hikhaylov,  who  partlclpatod  In  tba  inv*Btlgation. 
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IMTROIHJCTIOH 

The  Bost  basic  organlEatlon  of  theoretical  research  on  the 
detonation  of  condensed  sedla  consists  in  the  deteraination  of  the 
connection  of  the  basic  charaoterlaticB  of  a  detonation  vare  nith 
the  original  ph^sieal-eheadeal  properties  of  an  esplosive.  For 
the  solution  of  this  problen  it  is  necessary  to  anaver  the  following 
questions: 

1.  l&at  icind  of  physlOAl  aoddl  of  the  detonation  wave  is 
there? 

2.  How  does  the  stnicture  of  the  front  of  the  detonation 
deterslne  the  liaaits  of  Its  excitation  and  propagation? 

3.  How  are  the  rates  of  the  chenioal  i>eaetlona  in  the  oon> 
densed  s^dius  related  with  the  intensity  of  the  shock  coapression? 

4.  \lhat  kind  of  equation  do  we  have  for  the  state  of  the 
condensed  explosives  and  the  product  of  their  detonation? 

The  olaselcal  hydrodynanlc  theory  of  detonation  of  gases, 
the  creation  of  which  Involvoe  the  naoes  of  Klkhel’oon,  Chapsan 
and  Jouget,  suggested  a  B»del  in  conforaance  to  which  the  detona~ 
tion  wave  is  a  shock  wave  with  negligibly  eaall  tins  of  ehetaical 
conversion  at  the  front.  If  ii  shock  wave  is  propagated  in  a 
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noot^^lcslve  ^oki  dlrsatly  behind  its  front  tha  velocit? 

of  the  flow  of  stttter  is  lass  than  the  velocity  of  propagation  of 
the  exeitttions.  In  tha  esse  of  s  shoolc  vava  without  an  eaternsl 
support  ("plunfcr*}  the  excitation  behind  the  front  is  a  vacuus, 
and  therefore  euoh  eaves  attanuate.  To  explain  the  constancy  of 
tb9  rake  of  detonation  as  a  shock  ^ave  it  is  necessary,  consequently, 
to  allov  that  the  speed  of  the  products  of  explosion  behind  its 
front  be  greater  than  or  equal  to  the  speed  of  sound.  Chapin  and 
Jouget  advanced  the  hypothesis,  according  to  »hlch  the  speed  of  the 
outflow  of  products  of  an  explosion  Is  equal  to  the  speed  of  sound. 

The  laws  of  conservation  of  nass,  moraentua  and  energy  with 
the  transfer  of  aatter  through  a  detonation  front  together  with  the 
equation  of  state  of  the  gases  contain  five  unknown  paranoters  of 
a  detonation  wave.  The  Chapman-Jouget  hypothesis  gave  the  fifth 
efficient  equation.  Therefore,  the  coincidence  of  the  detonation 
pa’*fiBeter8  calculated  on  the  baels  of  the  hydrodynaalc  theory  and 
experimental  values  was  viewed  as  confirmation  of  the  correctness 
of  the  Chapman-Jouget  hypothesis  and  of  the  concept  of  detonation 
as  a  shock  wave.  The  solution  of  the  problem  of  the  applicability 
of  the  hydrod3maBic  theory  to  detonation  of  condensed  aedla  was 
Bade  !»>re  difficult  because  of  the  absence  of  an  equation  of  state 
of  their  explosion  products.  Therefore,  for  calculations  various 
equations  of  state  or  equivalent  equations  of  state,  but  in 
different  fora,  were  employed.  It  tuiurad  out  that  the  results  of 
calculating  the  parameters  of  detonation,  with  the  exception  of 
the  temperature,  were  in  good  correspondence  with  experimentation. 

In  conformance  with  these  results  few  investigators  were  left  oho 
doubted  the  applicability  of  the  hydrodynanic  theory  to  detonation 
both  of  condensed  i!»dla  an  well  as  of  gases. 

In  the  use  of  condensed  explosives  in  technology  detonation 
ie  B»8t  frequently  propagated  under  conditions  far  froa  extreme. 

Zq  this  ease  the  width  of  the  cone  of  chemical  reaction  on  its 
front  it  ditrog&rdahly  small  in  oosqsarison  with  the  obaraetorlatic 
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of  obtp^f.  Tbsrefors,  for  oaleulatins  the  d^nasiic 
of  ft  gtatlapaz7  dstc^u&tlon  wavo  th»  e^gsaleal  h7dro» 
djmiaie  titoorf  is  parfsotljr  ade<}uste. 

Slnoo  the  elessioal  hydrod;»a9le  theory  postulated  that  the 
reaction  occurs  ao  quickly,  that  It  la  not  a  controlling  factor 
for  tho  propagation  of  detonation,  this  theory  could  not  give 
clarification  of  tba  Units.  In  essence,  because  of  this  reason 
there  aas  also  no  complete  theoretical  basis  given  for  the 
principle  of  selection  of  the  detonation  rate,  since  for  this 
proof,  as  coRsequenoes  shotted,  there  vere  necessary  representations 
on  the  aeohanlsns  of  the  detonation  conversion,  on  the  structura  of 
the  reaction  aon^  (each  representation  of  the  nachansls  of  a 
detonation  conversion  obviously  requires  Its  own  proof  for  the 
principle  of  selection  of  the  detonation  rata). 

The  hydrcdyruuBle  theory  of  detonation  received  further  develop- 
B&nt  in  the  work  of  Zel'dovieh  (somewhat  later  analogous  results 
were  obtained  In  the  works  of  Keivann  and  Daring),  fi^e  new  theory 
proposed  a  physical  wodel  for  the  detonation  front.  In  particular, 
it  was  shown  that  in  the  gone  of  reaction  of  a  detonation  wave 
there  oust  exist  elevated  pressures,  corresponding  to  the  gas  state 
behind  the  front  of  the  shock  wave,  which  is  propagated  with  the 
speed  of  the  detonation.  According  to  this  BOdel  the  shock  front 
causes  ignition  of  the  substance.  In  proportion  to  the  oeourrsTioe 
of  the  reaction  the  volune  of  gas  increases,  while  the  pressure 
drops  to  values  which  correspond  to  a  certain  state  of  the  explosion 
product.  The  region  of  elevated  pressures  at  the  front  of  the 
detonation  wave  beoaso  known  as  the  ’’khlspik"  (chcalcal  peak). 

Por  this  snchanisia  of  the  detonation  conversion  the  proof  of  the 
validity  of  the  ChapnanoJouget  hypothesis  was  successful.  The 
aost  inportant  oonclution  of  Zel'dovieh ’s  theory  -  the  existence 
of  the  ehealcal  peak  at  tho  front  of  detonation  wave  •>  subsequently 
received  experinental  confirmation  in  the  investigation  of  the 
detdnatlon  of  gases  and  condensed  media.  These  results  were  a 
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convJj^ng  conflrr^tlon  of  the  vallflity  of  th*  th«ory,  Subaequeat 
oecarrene«8  shoved,  however,  that  this  theory  also  is  not  universal. 

Por  all  the  investigated  gas  islstures  and  for  a  nui&er  of 
liquid  explosives  a  pulsating  character  of  the  detonation  front 
was  established.  In  these  explosives,  and  also  in  solid  'explosives, 
the  original  physical-iaechanlcal  structure  of  which  it  ia  non- 
houogeneouB,  the  xsne  of  heat  liberation  at  the  front  of  detonation 
waves  is  turbulent.  It  is  obvious  that  the  theoretical  basis  for 
the  principle  of  selection  of  the  detonation  rate,  obtained  for 
a  one-diiaenslonal  wave,  is  not  applicable  ir.  this  case,  Por  a 
nonunl variate  detonation  front  It  should  be  recalculated  anew. 

In  connection  with  the  opening  of  a  p\ilsatlirg  (nonunl variate) 
detonation  in  homogeneous  media  the  problem  of  a  physical  model 
on  the  front  of  a  detonation  wave  or  of  the  structure  of  the  zone 
of  heat  liberation  again  became  the  laq)ortant  factor  in  the  theory. 
It  was  experimentally  established  that  the  interaction  of  the 
front  of  the  shock  wave  with  the  following  region  of  self-ignition 
leads  to  complex  nonstationary  hydrodynamic  processes,  as  a  result 
of  which  the  detonation  In  homogeneous  media,  apparently,  also 
"selects"  the  method  of  propagation:  pulsating  or  one-dlnenaional . 
IMS  fact,  besides  the  Independent  interest,  led  to  the  necessity 
for  a  coaqjletely  different  treatment  of  phenomena  on  the  limits  of 
proptgstion  of  detonation  and  during  it  excitation  by  a  shook  wave. 

Fmdamental  information  on  the  process  of  detemation  of 
ooedenssd  media  is  currently  being  produced  by  experioentation. 

As  a  rasult  of  this  investigations  in  general,  including  thors 
conducted  In  this  book,  have  a  fragmentary  character  and  reqvArb 
additional  calculations,  presently  Iruiccessible  duo  to  tha  fld>soast 
of  rsLlable  information  on  the  equation  of  state  of  oond«nsr«d 
wxplqMvea,  their  explosion  products  and  of  the  kinetics  o!' 
reaotjlons,  which  occur  under  conditions  of  detonation  pressures 
and  tsf^ratures. 
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Attsepts  to  oonstruct  an  equatioo  of  stato  for  explosive 
proi^uetd  laatie  for  &  Ions  tlae.  Bcteever,  In  the  sajorlty 

of  eases  these  theoretical  investigations  led  to  the  writing  of 
an  equation  of  state  with  cany  unknown  puraB£...er8,  which  were 
calculated  cm  the  basis  of  experlaental  data  on  the  depen<2ence  of 
the  dynaadc  parawJters  of  detonation  (speed,  pressure)  on  the 
initial  de?»ity  of  the  explosives.  Naturslly,  in  these  calcula¬ 
tions  the  Chapessn-Juuset  principle  of  selactlon  for  the  detonation 
rate  was  used.  The  value  of  such  calculations  for  the  theory  of 
detonation  is  ssall.  A  criterion  for  the  successful  application 
of  the  hydt^ynaBle  theory  should  be  the  coincidence  of  the 
experlaental  valuea  of  detonation  parameters  with  the  results  of 
calculation  carried  out  on  the  basis  of  Independent  data.  The 
problen  has  not  yet  been  solved  in  such  a  form. 

Ihe  Beasurement  of  the  teasperature  alglit  give  important 
information  on  the  state  of  the  detonation  products.  With  these 
alas  the  use  of  optical  methods,  which  are  apparently  the  only 
ones  possible,  have  set  with  considerable  difficulties.  In 
expariaents,  especially  with  liquid  explosives,  the  luminescence 
of  the  detonation  front  has  been  successfully  observed  without 
difficulty.  To  evaluate  the  chrwaatic  and  luiElnoslty  character¬ 
istics  ol  the  temperature  of  the  detonation  products  it  is 
necessary  to  obtain  information  on  the  radiative  and  absorptive 
oiq?aoitiee  of  the  detonation  products  In  tho  Chapaan-Jouget  plane 
which  characterize  the  dynamic  paraaeters  of  the  detonation  wave, 
Hofwever,  there  has  been  no  sucress  in  obtaining  tho  spectra  of 
those  dotonatlon  products,  whsn  the  chemical  reaction  is  basically 
completed.  When  obsex*vlng  detonation  from  the  side  this  is 
inhibited  by  the  effect  of  lateral  unloading.  When  observing  tho 
process  from  the  end  of  the  charge  using  spectral  equipment  the 
Identlfloation  of  the  radiation  spectrum  of  the  zone  of  heat 
lloeration  at  the  front  with  the  radiative  power  of  the  detonation 
products  appears  indeterminate. 
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’One  oarrsvadsa  of  soee  of  siMsleal  sioaeti^ 
dston&tloa  of  Uqofd  o^loslvts  doof  oofc  sls^Ufjr  th«  prablwa^ 
olnoo  tboTo  l9  a  ceimepofidla^  laom««  in  fctw  ftts^ratara  g?adlan6 
in  the  region  of  detoMtion  l^p^tion,  i^ob  oen  eraatljr  distort 
ths  r«lstlv«  end  sbaoluto  dletrlimtion  of  radiatloa  onors^ 
the  region  of  dotoo&tion  products.  It  is  kncnm  that  optical  estbcds 
of  !S9&suriag  luslnoslty  and  obroaoLtic  toi^mtur*  ar#  ai^licatle 
onljr  for  ob^acts  hcesosensous  in  taa^r^ture.  In  a  nuBhor  of  liquid 
QsploBlvei  ttvc  detonation  front  is  also  pulaatiRg»  and  its  lualr.ence 
corresponds  to  a  set  of  local  flashes  on  the  front,  ahioh  follou 
eith  great  rapidity.  <S>vlou8l;,  in  this  case  the  origin  of  the 
speetrua  of  detcnation  has  an  even  sore  eoaples  nature. 


I 


Si? 


k  @£$G(IIPTI9S 


Dfiton^tion  la  on«  of  the  proeosaea  b7  vbleh  the  ohaalosi 
eon^eraiett  of  osploaivea  and  of  oo^i&ustible .slxtures  takes  place. 
This  process,  siollar  to  QOBS>ustlon,  la  ohar&cterlsed  by  the  fact 
that  the  oheadeal  reaction  tahea  place  in  the  entire  voluas  of  the 
siftHitanet  aot  slatiltaneoualy ,  but  propa^tes  suoceaslvelj^  from 
layer  to  layer.  During  <ietcmatlon  and  ocadtuatlon  In  the  aubatance 
there  la  a  shift  in  tha  cbealcal  conversion  front,  )«hlcb  depeodlng 
on  the  ooourrins  proceas  is  also  called  the  detonation  front  or 
the  ooabustion  front  and  within  the  llalta  of  which  the  substance 
passes  all  the  Intereedlete  steges  frca  the  initial  atate 

to  the  prodoats  of  reaction  (Fig.  1). 


Pig.  1.  Dlagraa  explaining  the  process  of 
detonation  and  coabustion.  1  >  original  sub¬ 
stance  ;  2  >  s<ms  of  cbenloal  oonvoroion}  3  - 
reaction  products i  a)  width  of  the  zone  of 
choadcal  conversion;  D  -  noraul  rate  of  propa¬ 
gation  of  the  front  in  the  substance. 


Cosd)ustlon  end  detonation  are  distinguished  fros  one  another 
by  tha  f&ct  that  in  the  first  (mse  the  norsuil  rate  of  Bovonsnt  of 
tSwi  frcot  of  ohciilcal  conversiwi  D  is  less  than  the  apaed  oi  ,<ound 
in  tho  initial  mdigtanoe,  while  In  the  second  case  It  exceeds  this 


/\i>  /■->*•*!/  -  J,V 


speed.  Detonation  may  ba  propg^atati  un(iar  con(lltions  of  an  isolated » 
closed  system.  Proa  this  follosfl  the  definition  of  detonation. 
Detonation  Is  the  process  of  supersonic  propagation  of  the  front 
of  chemical  conversion  in  a  substance,  ^leh  any  occur  without  any 
interaction  with  the  surrounding  EOdiuH. 

Chemical  conversion  of  s  substance  during  detonation  Is 
simultaneously  acconpanled  by  the  ooveaent  of  the  medliae,  which 
arises  as  a  result  of  the  difference  in  the  specific  volumes  of  the 
initial  substance  and  of  the  products  of  reactloi  under  one  and 
the  same  pressure  (or  due  to  a  difference  in  pressures  with 
Identical  specific  ’’oluaes).  In  turn,  the  sttchanlcal  movetaent 
affects  the  state  of  the  substance  within  the  limits  of  the 
detonation  fr^'iit  and,  in  the  final  analysis,  the  rate  of  the 
chemical  conversion.  Consequently,  detonation  is  not  only  a 
chemical,  but  also  a  gas  dynaalo  process.  Moreover,  it  la  precisely 
the  laws  of  gas  dynasilcs,  it  turns  out,  which  determine  the  rate 
of  movement  of  the  detonation  front  in  the  substance,  as  well  as 
many  other  aspects  of  the  detonation  process. 

In  the  general  case  to  determine  the  conditions  of  the  chemical 
conversion  of  a  substance  it  would  be  necessary  to  solve  the  mutual 
system  of  equations  of  gas  dynamics  and  chemical  kinetics.  But 
this  problem,  apparently,  can  be  solved  only  for  the  simplest 
systems.  On  the  other  hand,  many  basic  conclusions  on  the  movements 
of  the  detonation  front  can  be  made  from  a  gas-dynamic  analysis 
of  the  properties  of  the  suggested  solution.  Such  an  analysis  is 
a  subject  of  the  phenoosnologlcal  theory  of  detonation. 

i  1.  Classification  of  the  Theory 
of  Detonation 

The  classical  theory  of  detonation,  developed  in  the  works  of 
Hikhol'aon  [13,  Chapman  [2]  and  Jouget  [33,  is  occupied  by  a  range 
of  problems,  for  which  no  significant  role  is  played  by  the  final 
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of  Qomsmltm  scnc-  (894  Pig.  l). 

«lji«  9i40S  the  (Sstossablea  .rest  si^ly  os  a  oupface  of 

Si*^tiiyjlty,  ^efe  t1»  initial  si^stane*  ft?0B  th«  wactior. 

^  Halts  of  a^UoabiUty  of  fcfea  olais^csl  thaopy  will 
fc9  as^la^aed  f'artbar. 

lha  ttavemnt  of  th«  detcnatlon  front  In  tbs  substance}  as  any 
aovMient,  is  to  tha  la«s  of  tbs  preservation  of  t^as, 

mi  enopgy.  The  ase  of  these  laws  is  significantly 
slapllfiel}  if  oe  osnslter  that  the  leton&tion  front  as  a  result  of 
Its  supersonio  speed  eannot  send  ths  perturbation  forward.  ^re> 
forS}  ths  initial  asdiua  retains  unperturbed  right  up  to  the  start 
of  the  (dmiloal  oonversion.  In  this  way*  during  detonation  only 
ti»  roaoticn  products  can  influence  the  Bsehenical  Qovensnt. 

Assuadng  that  the  initial  substance  and  the  product  are  isotropic 
Mdia,  and  drawing  on  consideratl^s  of  sysoetry,  it  Is  not  diffl- 
oult  to  show  that  the  speed  of  the  just  foraod  reaotlcm  products} 
«d)icb  is  henceforth  designeted  as  U}  Is  directed  along  the  norstal 
to  the  detonation  front.  Ifs  will  take  this  as  Its  positive 
dlreatloni  which  coincides  with  the  direction  of  propagation  of 
the  detocdtloo. 

Lst  us  exaslne  the  detonation  of  the  i^ysloally  and  Infinitely 
smil  BSterisl  voluBM}  concoivably  sepai^ated  froa  the  izedlus.  Let 
us  assist  that  at  first  it  was  a  straight  cylinder,  the  axis  of 
which  Is  perpendicular  to  the  surface  of  the  detonation  front 
{?St^,  2)*  If  the  dotossticn  front  passod  through  the  entire 
eyllo^  for  ties  t,  thon  the  initial  voluEse  ead  the  osss  of  ths 
eubstonos  trsre  ogual  to  oOt  and  p^cDt,  respoctlvely,  whs re  a  is 
the  am  of  the  base  of  the  cylinder,  and  Oq  is  ths  Initial  donsity 
of  t^  G^diua.  The  base  of  the  eylinder,  through  which  the 
dsteniitlc.’i  front  entered,  shifts  with  s  reaction  product  speed  u, 
therefore  for  tiise  t  the  height  of  the  cylinder  is  reduced  by 
the  '/slue  ut.  Consequently,  the  volum  of  the  reaction  product 
is  equal  to  o(D  -  u)t,  and  their  csss  is  equal  to  p9(D  ->  u)t,  tdiare 
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2.  Po?  the  ScriTAtion  of  laus  of  eoa«> 
semitlon  of  ssasSfr  sftoa&ntua  and  snerg;  for  & 
detonation  front. 

^  broHaa  line  desigoates  tha  position  of  part 
of  the  botaidarjr  of  the  07  Under  and  of  the 
detonation  front  at  the  Initial  !£r»nt  in  tim. 

p  la  t)^  density  of  the  product.  Equating  the  la&ss  of  the  products 
to  the  Kase  of  the  Initial  substance »  vs  find 

pij9*»p€D~a4»|.  (1) 

Heire  3  is  the  density  of  the  flow  of  matter  throu^  the  surface  of 
the  detonation  front,  l.e.,  the  ssass  of  the  {substance,  Khicb 
reacts  per  unit  of  time  in  a  section  of  tlie  detonation  front  of 
unit  area. 

Sosnet^mfes  It  is  comrenlent  to  represent  equation  (1)  in  another 
equivalent  for*: 

<2) 

where  Yg  ■  1/Og  and  V  »  1/p  are  the  specific  voluiaes  of  the  initial 
substance  and  of  the  products,  respectively.  Each  of  the  equations 
(1)  and  (2)  expresses  the  law  of  conservation  of  mss. 

Let  us  apply  the  law  of  conservation  of  asoggentua  to  the 
divided  cylinder.  During  tlise  t  the  initially  resting  substance 
acquires  a  quantity  of  tsoveoent  p^Dotu.  This  quantity  of  jsovesaent 
arises  under  the  influanee  of  pressure,  which  the  sitrrounding 
oedlua  ererts  on  the  cylinder's  boundaries.  If  we  desi^te  by 
Pg  and  P  the  pressure  in  the  initial  substance  and  In  the  produota, 
respeotively,  then  the  total  forse  acting  on  the  cylinder  during 
Its  detonation  is  constant  end  equal  to  (P  -  Pg),  since  the  forces 
acting  on  the  lateral  boundary  of  tho  cylinder  are  counterbalanced. 
Sy  equating  the  ccaantUEs  of  force  (P  -  PQ)at  to  the  inerossnt  of 
the  quantity  of  aovoeent,  vs  find 
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(3) 


Hlth  tha  aid  of  the  equation  for  the  law  of  conservation  of 
Bsasa  (2)  we  can  give  the  last  equation  another  form,  which  will 
play  an  important  role  In  the  theory: 


Equation*  (3)  and  (A)  are  called  equations  of  consearvation  of 
laoBentum. 

Let  us  examine  the  law  of  conservation  of  energy.  Let  ua 
detignate  by  E^j  and  E  the  specific  (per  unit  mass)  Internal  energy 
of  the  initial  substance  and  of  the  product?,  rcspeotively.  We 
will  ooeume  that  both  values  are  seasjred  from  one  and  the  same 
arbitrary  zero  level  and  include  both  the  energy  of  kinetic  move- 
Dent  and  of  the  Interaction  of  molecules,  as  well  as  the  latent 
cheBical  portion  of  energy.  In  the  case  where  the  Initial  substance 
and  the  products  of  reaction  are  thcraodynamlcally  Identical,  the 
chenlcal  energy  can  be  separated  In  the  form  of  the  Independent 
tora  Q.  This  Is  also  done,  for  example,  In  the  examination  of 
detonation  in  gases.  In  the  general  case  such  separation  of  the 
chemical  etwrgy  does  not  have  to  be  done  uniquely,  and  therefore 
in  the  dlscuielon*  of  the  theoretical  problems  we  will  not  do  this. 

Besidea  t-i-'  internal  energy,  the  reaction  products  still 

2 

possess  specific  kinetic  energy  -  u  /2,  on  account  of  which  the 
total  chant*  in  energy  of  the  separated  volumes  during  its  detona¬ 
tion  can  bo  represented  In  the  form 

Qenorally  speaking,  a  divided  cylinder  changes  its  energy  both  as 
a  result  of  change  in  volume,  as  well  as  because  of  the  transfer 
of  best  from  the  surrounding  medium.  However,  in  an  examination 
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of  denonatlon  of  condensed  aedla  diffusion  and  heat  conductivity 
are  disregarded,  since  these  processes  are  slow  and,  apparently, 
do  not  succeed  in  making  a  significant  contribution  to  the  energy 
of  the  formed  products  for  the  tlmsa  which  are  characteristic  for 
detonation.  Taking  this  into  consideration,  let  us  equate  the 
change  in  energy  only  to  the  work  of  external  forces  Pout.  Con¬ 
sidering  the  equation  of  the  law  of  conservation  of  momentum  (3), 
we  get 


r..D(£  ^  f,) « fti  -  (.,©4  -  -  n/. 

Prom  the  last  expression  with  the  aid  of  the  equation  of  conserva¬ 
tion  of  maos  (2)  we  exclude  D  and  u  and  arrive  at  the  following 
form  of  the  equation  of  conservation  of  energy: 

(5) 

which  differs  from  the  pi ^ceding.  In  that  It  contains  only  thermo¬ 
dynamic  values.  The  presence  of  such  an  equation  shows  that  with 
given  parameters  of  the  initial  state  of  tne  medium  (Pq,  V^,  Bq), 
not  every  state  cf  the  reaction  products  can  be  achieved  in  the 
process  of  detonation. 

Let  us  a.nalyze  th^  conclusion  of  the  equations  of  conservation 
of  mass,  momentum  and  energy  with  the  purpose  of  their  extension  to 
the  case  of  a  plane  stationary  detonation  front  with  a  terminal 
width  a  (see  Fig.  1).  The  detonation  front  Is  called  stationary 
if  its  normal  speed  D,  widt..  a,  as  well  as  propagated  distribution 
within  its  limits  of  density  p,  specific  momentum  pu  and  specific 
energy  E  do  not  change  with  time. 

Prom  a  stationary  detonation  front  it  follows  that  its  front 
and  rear  boundaries  pass  through  the  above  separated  infinitely 
aoall  cylinder  during  one  and  the  same  time  t.  This  means,  just 
as  before,  that  the  initial  and  terminal  volumes  of  the  cylinder 
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as^  equal  to  oDt  and  a(D  -  u)t,  respectively.  Prom  this  the  above 
educed  derivation  of  the  equation  for  the  conservation  of  aass  Is 
obtained  directly,  'fhe  laossentua  and  energy,  included  in  the  unit 
area  of  a  detonation  front,  as  a  result  of  Its  paooage  through  the 
cylinder  do  not  change.  This  may  be  viewed  as  the  equality  of  the 
total  Interaction  between  the  cylinder  and  the  detonation  front  to 
aero.  Consequently,  the  divided  cylinder  acquires  noawntum  and 
enei^  in  the  final  analysis  only  as  a  result  of  the  forces  which 
act  upon  it  outside  the  detonation  front.  However,  only  this  was 
used  above  in  the  derivation  of  equations  of  the  laws  of  con&ei°va- 
tlon  of  BOBsntua  and  energy.  Thus,  the  derived  equations  for  the 
conservation  of  laase,  moi&entum  and  energy  are  valid  not  only  for 
the  surface  of  discontinuity,  but  also  for  a  stationary  detonation 
front  of  finite  width. 

In  connection  with  the  fact  that  the  chemical  reaction 
ordinarily  takes  place  for  a  finite  tlae,  the  actual  detonation 
front  must  have  a  finite  width.  Consequently,  the  classical  theory 
of  detonation,  on  the  basis  of  which  lie  the  equations  of  the  laws 
of  conservation  of  mass,  momentum,  and  energy  (I)>(5),  strictly 
spanking,  are  applicable  only  to  a  flat  stationary  detonation 
front.  In  practice  this  means  that  the  characteristic  dimensions 
of  the  charge  L  and  the  radius  of  curvature  of  a  detonation  front 
R  significantly  exceed  its  width:  L  >>  a,  R  »  a.  Moreover,  a 
change  in  the  speed  of  the  front  D  must  be  insignificant  during 
time  a/D,  l.e.,  dD/dt  x  a/D  «  D.  Detonation  which  occurs  under 
these  conditions  is  called  ideal.  Thus,  the  classical  theory  is 
a  theory  of  ideal  detonation. 

Our  further  conclusions  will  rest  on  the  assumption  that  the 
products  of  reaction  exist  in  a  state  of  thermodynamic  equilibrium. 
In  this  case  their  specific  intemal  energy  is  a  function  only  of 
P  and  V; 

(6) 
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For  exarap 
ideal  gas 


,  if  these  products  satisfy  the  equation  of  state  of  an 
,  then 


£  »• 


(6a) 


where  y  *  CpC.^  is  the  ratio  of  specific  heat  with  constant  P  and  V, 
respectively.  The  quantity  Q  is  a  constant,  which  depends  on  the 
chemical  composition  of  the  gas  and  the  selection  of  the  zero 
reading  level  of  the  energy.  As  a  rule,  this  level  is  selected 
so  that  for  the  products 


Q-O. 


(7) 


From  the  existence  of  relationship  (6)  it  follows  that  a 
certain  curve  in  plane  P-V, which  is  called  the  detonation  adiabatic 
curve  (Pig.  ?),  corresponds  to  the  equation  of  the  conservation  of 
energy  (5).  It  can  be  shown  that  with  sufficiently  general 
assumptions  on  the  equation  of  the  state  of  the  products  the 
qualitative  form  of  the  detonation  adiabatic  curve  is  in  all  cases 
the  same.  Therefore,  the  basic  conclusions  of  the  possible  theory 
of  detonation  may  be  illustrated  by  the  example,  when  the  detonation 
products  conform  to  the  equation  of  state  of  an  ideal  gas. 


Fig.  3.  Investigating  the  properties 
of  the  detonation  adiabatic  curve. 

1(1 ')  -  supposed  position  of  the 
detonation  adiabatic  curve;  2,  3> 

5  -  Mlkhel'son's  curves. 


Independent  of  whether  the  iniriai  medium  is  gaseous,  the 
following  designation  can  be  introduced: 


(8) 
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Ptmi  aquatloaa  (8),  (7)  and  (6a)  It  follows  that  the  value  Qq  is 
the  specific  Isobarlc-lsochorlc  thermal  effect  of  the  reaction, 
l.e.,  the  quantity  of  heat,  which  would  be  liberated  as  a  result  of 
the  occurrence  of  the  chemical  reaction  at  constant  pressure  and 
volume  values: 


Proa  this  same  equation  it  follows  that  the  given  value  in  the 
general  case  depends  on  Pg  and  Vg.  This  may  be  a  constant  only  in 
the  case  where  the  initial  swdlum  is  also  an  ideal  gas,  and  with 
the  same  value  of  y»  a*  in  the  products. 

Substituting  expressions  (6a),  (7)  and  (8)  into  equation 
after  alople  transfomatlons  we  obtain 

,5, 

Examination  of  this  expression  shows  that  it  irarasdiately  conforms 
to  the  shape  of  the  ouinre  represented  in  Pig.  3.  In  particular, 
this  curve  has  a  vertical  a8yBq)tote  when 

la  the  limiting  volume,  to  which  the  products  may  be  compressed 
during  detonation. 

The  lines  of  the  rays  exiting  from  point  Pg,  Vg  correspond  to 
the  equation  of  the  law  of  conservation  of  momentum  (l<)  in  this 
same  plane  P-V,  They  are  called  Hlkhel' son's  curves.  The  tangent 

p 

of  the  slope  angle  of  each  of  Mlkhel'son's  curves  is  equal  to  J  . 
Consequently,  onl  ■  Mlkhel'son's  cuinres  with  positive  slope 
(tg  ^  >0)  may  correspond  to  the  actual  process  of  detonation.  For 
this  reason  it  is  possible  to  exclude  from  further  examination 
quadrants  I  and  III  of  planes  P,  V  (see  Fig.  3)  as  responding  to 
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the  inaginary  va3»ie  of  the  plane  of  the  flow  of  substance  J  through 
the  detonation  front.  It  la  also  possible  to  show  that  the 
chemical  ccnversion  regimes ,  which  cannot  exist  as  stationary  under 
conditions  of  c  closed  Isolated  system,  corresponds  to  quadrant 
IV.  Such  a  process  la  called  deflagration.  T.hus,  only  points  of 
quadrant  II  of  plane  P-V  can  respond  to  detonation. 

With  3  fixed  rate  of  detonation  D  the  actual  state  of  the 
products  directly  behind  the  detonation  front  can  be  described 
by  the  point  of  intersection  of  the  detonation  adiabatic  curve  and 
the  corresponding  curve  of  Hlkhel'son.  P’’OJn  Pig.  3  It  is  clear 
that  in  the  general  case  there  are  two  such  points  (for  example, 
the  points  of  Intersection  of  line  2  with  curve  1),  i.e.,  the  laws 
of  conservation  of  momentum  and  energy  permit  two  types  of  detona¬ 
tion  at  one  and  the  same  speed  0.  Detonation  which  corresponds  to 
a  large  pressure  value'  in  the  products  Is  called  ovcrcompresaed 
or  strong  detonation,  while  that  which  corresponds  to  a  lesser 
value  Is  called  undercompressed  or  weak  detonation.  The  lowest 
detonation  rate,  at  which  Mikiiel 'son's  curve  has  only  one  common 
point  A  with  t.he  detonation  adiabatic  curve,  is  called  the  normal. 
In  conformance  with  the  classification  of  detonation  regimes  the 
segment  of  the  detonation  adiabatic  cur'’e,  lying  above  point  A, 
is  called  its  ctrong  branch,  while  the  segment  situated  below  is 
called  the  weak  brancr. . 

It  can  he  shown  (for  example,  see  [•)])  that  in  overcorapressed 
detonation  the  reaction  products  relative  to  the  detonation  front 
move  with  subsonic  speed.  In  undercompressed  detonation  this 
speed  Is  supersonic.  In  the  case  of  normal  detonation  the  relative 
speed  of  the  products  Us  precisely  equal  to  the  speed  of  sound. 

Let  us  prove,  in  particular,  the  last  assertion. 

It  is  known  that  the  speed  of  sound  c  is  determined  by  the 
following  expression: 


(11) 
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(12) 

Thus,  it  Is  necessary  to  prove  that  at  point  A  Hikhel' son’s  curve 
touches  not  only  the  detonation  adiabatic  curve,  but  also  the 
Isentrope.  With  this  alia  let  us  differentiate  expression  (5)  with 
respect  to  V  along  the  detonation  adiabatic  curve.  As  a  result  of 
3lflq)le  transfoi^tlons  with  the  use  of  thermodynamic  Identities  we 
will  find 


8  tha  spaolflc  entropy.  On  the  other  hand,  the 
relative  speed  of  the  products  D  >  u  using  the  equbtlona 
laws  of  th«  consei^ation  of  mass  (1)  and  oosientua  (M  is 
by  the  slope  of  Hikhel’son's  curve: 


^  {^)J”  (13) 

where  T  is  the  absolute  teu^ieraturej  dP/dV  is  the  derivative  along 
the  detonation  adiabatic  cui^e. 

ProB  the  last  equality  iv  follows  that  at  point  A  the  simul¬ 
taneous  touching  of  the  detonation  adiabatic  curve,  of  the  Isen¬ 
trope  and  of  Mikhel'son’s  curve  does  In  fact  take  place,  l.e., 

-  (D  -  u)^. 

As  can  be  seen  from  the  foregoing  examination,  the  laws  of 
conservation  of  mass,  momentum  and  energy  permit  any  rate  of 
detonation  D,  as  long  as  It  la  not  less  than  the  minimum  value 
corresponding  to  normal  detonation.  It  thus  seems  as  if  the  self- 
sustaining  detonation  front  can  have  any  speed,  beginning  with  the 
normal  and  hl(^er.  However,  experience  shows  that  each  explosive 
has  Its  own  definite  detonation  rate.  Consequently,  there  must 
exist  a  ncchanlem,  which  selects  only  one  definite  speed  from  the 
set  of  speeds  permissible  by  the  laws  of  conservation. 
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Even  Jouget  pointed  out  [3]  tl«t  ovorcoapressed  self-auateinlng 
detonation  cannot  be  statlonsury.  He  proceeded  froa  the  fact  that 
with  such  detonation  the  products  are  removed  from  the  detonation 
front  at  subsonic  speed.  Because  of  this  the  rarefaction  wave  has 
the  possi'jlllty  of  overtaking  the  detonation  front  and  making  It 
nonstationary.  The  rarsfaotlon  wave  can  be  eliminated,  if  the 
detonation  products  are  supported  frcr»  behind  using  some  kind  of 
plunger,  which  moves  in  the  direction  of  propagation  of  the 
detonation.  However,  such  a  regime  will  still  not  be  self-support¬ 
ing,  and  its  speed  will  be  deteimlned  not  only  by  the  mechanism  of 
the  detonation  conversion,  but  also  by  the  external  source. 

I'hus,  using  simple  considerations  it  can  be  shown  that  self- 
supporting  detonation  can  be  either  normal  or  undercompressed 
detonation.  However,  more  definite  conclusions  of  the  regime  of 
this  detonation,  without  introducing  information  on  the  structure 
of  its  front,  cannot  be  made.  Thei'efore,  the  problem  of  the  nature 
of  the  detonation  speed  within  the  framework  of  the  classical 
theory  is  solved  on  the  basis  of  the  additional  assumption,  called 
the  Chapman-Jouget  selection  hypothesis  or  principles.  According 
to  thlr  principle,  self-supporting  detonation  is  normal,  l.e.. 

Its  front  relative  to  its  own  products  moves  at  the  speed  of  sound. 

The  Chapman-Jouget  hypothesis  allows  us  to  calculate  the 
detonation  rate  and  other  parameters  of  the  detonation  front,  if 
the  parameters  of  the  Initial  state  of  the  substance  Pg,  Yq,  E^, 
as  well  as  the  dependence  E  «  E(P,  V)  for  the  products,  are  given. 
According  to  the  state  of  the  detonation  adiabatic  curve  is  plotted 
and  the  slope  of  the  Mlkhel’son  cur*ve,  corresoondlng  to  point  of 
tangency  A,  is  found. 

For  example,  let  us  determine  the  detonation  rate  D  for  the 
case  where  the  products  aredan  ideal  gas.  For  this  let  us  substl- 
ture  into  the  equation  of  the  detonation  adiabatic  curve  (9)  the 
value  P,  expressed  with  the  aid  of  the  equation  of  the  law  of 
conaervatlcn  of  momentum  (^): 
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^***^^**“^  ^"^  (111) 

As  a  i*eBUlt  of  this  substitution  a  quadratic  equation  relative  to 
V»  depending  on  D  as  on  the  paraaeter.  Is  obtained.  Prom  the  known 
principles  such  a  value  0  will  be  found,  with  which  the  equation 
has  only  one  root.  The  obtained  value,  obviously,  will  also  be 
the  desired  detonation  rate.  Por  sliapllclty  let  us  exaalne  the 
case  vheve  the  value  in  craparlson  with  P  can  be  disregarded. 
Assuadng  in  expressions  (9)  and  (1^1)  P^  ■  0,  we  will  come  to  the 
following  quadratic  equation  relative  to  V: 

(15) 

The  condition  where  this  equation  has  only  one  solution  will  have 
the  form 

(16) 

Hence,  throwing  out  the  physically  inapplicable  value  D  ■  0,  we 
find 

D-  K8{T*-1)«».  (17) 

In  conformance  with  equation  (17),  the  detonation  rate,  and 
consequently,  also  all  the  other  parameters  of  the  detonation 
front  are  determined  by  the  heat  of  reaction  Qq,  It  should  be 
emphasized  that  here  not  an  ordinary  isobarlc-lsothermlc  heat 
effect  la  understood  (l.e.,  determined  with  constants  P  and  T) , 
but  an  Isobaric-lsochorlc  heat  effect.  These  two  values  are 
significantly  different  and  equal  to  one  another  only  in  exclusive 
cases,  when  as  a  result  of  the  occurrence  of  the  reaction  at 
constant  pressure  V  and  T  simultaneously  manage  to  be  maintained 
constant.  This,  for  example,  is  possible  If  the  products  of 
detonation  (PD)  and  the  initial  medium  are  described  by  the 
equation  of  the  state  of  an  ideal  gas  with  one  and  the  same  value  y* 
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The  role  of  the  Isobarlc-laochoric  heat  effect  of  the  reaction  was 
here  established  for  a  particular  form  of  the  equation  of  the 
state  of  the  PD.  Howeveri  It  is  difficult  to  show  that  even  In 
the  general  case  it  la  this  value  that  Is  decisive  for  the  detona¬ 
tion  process.  Considering  the  observation  inade>  henceforth  by 
the  term  heat  effect  of  the  reaction  we  will  always  mean  precisely 
the  isobarlc-isochorlc  heat  effect. 

The  obtained  conclusions  were  Illustrated  In  an  example.  In 
which  the  PD  were  assumed  to  be  an  Ideal  gas.  Actually,  such  an 
assumption  can  be  Justified  only  in  the  case,  where  the  Initial 
explosive  has  a  very  low  density.  Per  example,  If  It  appears  to 
be  an  idea]  gas  or  else  If  it  is  a  very  porous  condensea  medium. 

Tn  contrast  to  the  last  example  ordinary  explosives  have  a  density 

■3 

of  1-2  g/cm  .  In  confomsance  with  the  equation  of  the  law  of 
conservation  of  momentum  (4)  the  density  of  the  product  Is  even 
higher.  Consequently,  they  cannot  be  described  by  the  equation  of 
state  of  an  Ideal  gas. 

The  nonideality  of  the  detonation  pi’oducts,  in  particular, 
is  manifested  In  the  dependence  of  the  rate  of  detonation  of 
condensed  explosives  on  the  initial  density  p^,  wilch  was  discovered 
experimentally  by  the  very  first  investigators  of  detonation. 
Actually,  according  to  equation  (8),  when  P^j  ®  0.  Since 

the  initial  energy  does  not  depend  on  the  density  (the  porosity) 
of  the  substance,  the  detonation  rate,  according  to  fomula  (17) 
would  also  not  have  to  depend  on  Pq  In  the  case  wheiro  the  products 
were  an  Ideal  gas. 

The  first  atteuqits  at  taking  into  account  the  nonldeallty  of 
the  detonation  products  were  undertaken  with  the  use  of  Abel’s 
equation  of  state  [5-12]: 

(18) 


1J| 


U 


»hdr«  a  is  the  characteristic  voioBa  of  the  molecules  or  the 
covolusa.  However,  It  la  not  difficult  to  see  that  the  detonation 
adiabatic  curve  corresponding  to  this  ecjuation  of  state  can  be 
obtained  from  equation  (9)  by  substitution  of  V  by  V  -  a.  Con- 
oequently,  in  this  case  also  for  the  detonation  rate  we  come  to 
formula  (17).  Hence  it  follows  that  for  an  explanation  of  the 
dependence  of  DCPq)  the  covoluae  must  be  ccnsidered  as  a  variable 
value.  Its  dependence  on  the  various  parareeters  are  examined  in 
works  [13~21]. 


The  variability  of  the  covoluae  suggests  that  in  the  structure 
of  the  equation  of  state  of  the  PD  a  significant  role  Is  played 
by  the  forces  of  the  elastic  interaction  between  the  molecules. 
Landau  and  Stanyukovich  vepe  the  first  to  point  this  out.  They 
suggested  a  basically  new  approach  to  the  structure  of  the  equation 
of  state  of  PO  [22].  Proceeding  from  the  fact  that  with  the 
enormous  pressures  existing  in  the  detonation  products,  each 
molecule  vibrates  predomln.jitly  around  a  certain  equilibrium 
position,  these  authors  suggested  that  the  equation  of  state  of 
PD  be  examined  by  awthods  of  the  physics  of  solids.  Equations  for 
pressure  and  specific  energy  are  represented  in  the  form  of  sums 
of  the  elastic  auid  thermal  teiras; 


(19) 

+  (20) 


where  A,  E,  n,  are  constants. 

Using  equations  (19)  and  GO),  it  is  possible  to  express  the 
detonation  rate  through  the  parameters  of  the  Inltla]  explosive 
P(  ,  Qq  [23].  He  will  not  stop  here  on  this  point.  Let  us  only 
nute  that  the  obtained  expression  differs  significantly  from  (17) 
and  la  slndlBr  to  the  latter  only  In  the  fact  that  In  a  general 
case  D  la  proportional  to  if  we  assume  ■  Q^.  All  the 
subsequent  works  [23-36]  on  the  determination  of  the  equation  of 
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state  of  PD  rests  on  the  basic  work  of  Landau  and  Stanyukovlch 
[22]  and  are  dedicated  basically  to  the  detersnlnatlon  of  expressions 
(19)  and  (20)  from  aaparlesantal  data. 

In  works  [22,  23]  It  la  shown  how,  proceeding  from  the 
dependence  of  D(Pq),  to  deteradne  the  constants  of  equations  (19) 
and  (30).  ftore  accurate  results  [32-3^]  are  obtained  with  the 
use  of  not  only  this  dependence,  but  also  the  values  of  the  p8i**i*- 
eters  of  detonation  at  the  Chapaan-Jouget  point.  A  special  place 
is  occupied  by  worits  [35»  3^]»  In  which  the  equation  of  state  of 
PD  is  determined  on  the  strength  of  experimental  data  on  the 
impact  compressibility  of  separate  chenlcal  components  of  the 
products.  A  detailed  analysis  of  certain  works  on  the  equation  of 
state  of  detonation  products  of  condensed  explosives  may  be  found 
in  review  articles  [37»  38]. 

Thus,  the  classical  theory  of  detonation  at  the  present  tlBw 
allows  ua  not  only  In  principle,  but  also  In  practice  to  calculate 
the  parameters  of  detonation  waves  in  condensed  media.  However, 
this  calculation  Is  based  on  the  Chapman- Jouget  hypothesis,  and 
the  classical  theory  cannot  answer  the  question,  as  to  why  precisely 
this  principle,  and  not  sobs  other  principle  of  selection  is 
irapleraented.  The  problem  of  the  selection  principle,  as  Zel'dovlch 
first  demonstrated  [39]>  suet  be  solved  on  the  basis  of  the 
concrete  aseuaytion  of  the  structure  of  the  detonation  fi*ont. 

f  2.  The  Theory  of  Zel’dovloh 

Let  us  examine  from  the  position  of  gas  dynamics  the  structure 
of  a  stfltionary  detonation  front  In  a  honjogcneous  nsedliua.  Here 
we  will  assume  that  the  flow  in  the  reaction  sone  is  one-ditsensional. 
Therefore,  it  is  necessary  to  write  one-dimensional  equations  for 
the  conservation  of  masa,  eosscntua,  and  energy  for  this  narrow 
zone.  However,  it  turns  out  that  j.f  within  its  boundaries  the 
viscosity,  thersBoconductlvity ,  smd  diffusion  are  disregarded, 
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ttea  tba  dasirad  equations  »ill  be  tbs  equations  (!)•'( 5)  derived 
above.  Aetually,  with  the  aaauaptlons  made  Intencsdlate  reaction 
products  differ  firoa  the  terminal  products  only  by  the  absence  of 
eheaieal  equilibrium,  mhloh  is  In  no  way  reflected  in  the  equations 
of  oonssrvatlon.  Therefore,  using  the  same  considerations  which 
allowed  us  to  generalise  the  equations  mentioned  for  the  case  of  a 
plane  stationary  detonation  front  tse  can  establish  their  application 
for  any  portion  of  this  front,  which  comprises  an  arbitrary  portion 
of  its  width. 

Within  the  limits  of  the  reaction  sone  the  specific  l'’<-‘‘mal 
energy  B  can  be  assumed  to  be  a  function  of  only  three  variables: 

(21) 

idiers  k  Is  a  value,  which  somehow  reflects  the  chemical  congiosltlon, 
and  which  for  brevity  Is  therefore  henceforth  called  the  ccnpositlon. 
Tt  Ih  possible,  for  example,  to  use  as  the  co8q)08ltxon  the  set  of 
Independent  oonoentratlons  of  chemical  components  in  the  reacting 
mixture.  From  this  example  it  is  clear  that  In  the  general  case 
a  oosposltlon  k  is  determined  not  by  one,  but  by  several  numbers. 

Differentiating  (21)  with  respect  to  the  composition,  we 
obtain  ui  expression  for  the  heat  effect  of  the  reaction  with 
constants  P  and  V: 


<22) 

Henceforth  for  ainqillcity  we  will  assume  that  the  sign  of  the  heat 
effect  depends  only  on  k,  although  its  absolute  value  may  also  be 
a  function  of  P  and  V. 

In  the  equation  of  the  law  of  conservation  of  energy  (5),  by 
replacing  B  by  the  function  E  «  E(P,  V,  k)  and  assuming  k  to  be  a 
constant  parameter,  we  will  arrive  at  an  expression,  which  can  be 
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called  the  equation  of  the  intertediate  detonation  adiabatic  ou.rve 
of  constant  eoniioaltiont 

(23) 

The  detonation  adiabatic  curve ,  corresponding  to  the  state  of  the 
final  reaction  products «  for  the  sake  of  dlstittetlon  shall  call 
the  equllibrlua  adiabacle  euinre.  Let  us  note  that  the  substitution 
Into  equation  (23)  of  the  final  value  of  the  cosspositlon  k  «  for 
the  actual  detonation  front*  generally  speaking,  does  not  produce 
an  equation  of  the  equllibrlun  detonation  adiabatic  curve,  since 
the  equilibrium  conpositlon  may  be  a  function  of  P  and  V. 

It  is  not  difficult  to  show  that  the  intemediate  adiabatic 
curve  of  constant  compos Itlon  has  the  sane  properties  as  the 
equilibrium  detonation  adiabatic  curve.  For  this.  It  is  sufficient 
to  repeat  the  corresponding  calculations  of  [4],  having  replaced 
the  equilibrium  isentrope  and  the  speed  of  sound 


by  the  laentrope  of  constant  composition  and  the  so-called  frosen 
speed  of  sound: 


«*) 

Lot  us  explain  the  physical  steaning  of  these  concepts. 

If  a  reacting  mixture  of  arbitrary  composition  k,  existing 
in  state  P,  V,  is  quickly  adlabatically  compressed  or  expanded  by 
the  Infinitely  small  value  dV,  then  its  state  will  be  displaced 
with  respect  to  the  isentrope  of  constant  cosposltion,  since  the 
latter  cannot  instantaneously  react  to  the  change  in  the  external 
oMMlitions.  Let  us  select  on  plane  P-V  the  random  point  A  (Pig.  4). 
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Pig.  Helativ*  distribution 
of  (Hiullibriua  Isontrope  AB 
and  the  Isentpope  of  constant 
ecHRposition  AC. 


Let  us  draw  the  «qul21bzd.uB  isentrope  AB  throu^  this  point  and 
let  us  deterains  vlth  respect  to  it  the  position  of  the  Isentrops 
of  constant  eo^tosltion  k.  If  after  f&st  coa^resslon  by  dV  the 
coepositlon  renains  equillbrlus,  then  the  isentrope  of  constant 
cosposltlon  coincides  tflth  the  equillbrlua  iaencrope.  Conversely, 
point  C  or  will  correspond  to  the  new  state,  which  la  required 
to  be  eatabllshod. 

Since  in  the  new  state  the  coc^osltion  k  is  not  an  equillbrliue 
coBspositlon,  It  will  strive  (relax)  to  a  new  equillbrlua  value. 
Rapid  cczpresBion  led  to  an  Increaae  In  pressure  when  S  »  const. 
Consequently,  in  confonuancs  with  Le  Choteller’a  principle  in  the 
process  of  wlaxatlon  the  pressure  will  drop.  Since  this  process 
Is  acooi^anled  by  a  rise  in  entropy,  point  D,  corresponding  to  the 
equlllbriuB  state,  turns  out  to  be  higher  than  the  isentrope  AB. 

In  this  caae  C  aay  cobo  to  the  new  equlllbriura  state  only  from 
point  C.  Consequently,  the  Isentrope  of  constant  con?)08ltlon  nay 
proceed  only  n»re  abruptly  than  the  equilibrium  isentrope,  l.e., 


(25) 

-•.7 

(26) 

It  can  be  deoionstrated  that  Infinitely  small  perturbations 
are  propagated  in  the  aadiun  with  velocity  c^.  This  conclusion  Is 
also  valid  in  tha  case  where  the  medium  Is  in  the  equilibrium 
state. 
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In  oonneotilon  vith  this  arises  tha  Question  of  whethor  it  is 
necoBsary  in  Jou|(«t*8  proof  of  tho  iepossibillty  of  overaoapreased 
detonation  to  replace  the  equllibriua  spoed  of  sound  with  the 
frozen  one?  Thle  Question  should  be  answered  in  the  negative. 

The  fact  is  that  the  rarefaction  wavey  propagating  in  the  aediiue, 
is  expanded  In  space  with  tiee,  and  the  expansion  of  the  substance 
at  the  front  of  this  wave  occurs  sore  and  asore  sBoothly.  Therefore, 
the  basic  rarefaction  is  propagated  in  the  nediuia  with  the 
equilibrium  speed  of  sound,  while  the  perturbation  moving  away  in 
front  with  velocity  c^  attenuates.  Thus,  In  examining  a  stationar;' 
reglt&e  it  should  be  kept  In  mind  that  the  rarefaction  wave  is 
propagated  in  the  products  with  the  eQuilibriua  speed  of  sound. 
However,  It  can  be  noted  that  if  a  sufficiently  strong  perturbation 
is  Gloated  in  the  products,  it  Is  capable  of  penetrating  within 
the  limits  of  tho  reaction  gone,  i.o.,  with  respect  to  strong 
perturbations  the  noneal  detonation  front  Is  overcompressed. 

With  the  substitution  of  the  value  k  •  into  the  equation 
of  the  Intermediate  detonation  adiabatic  curve  there  is  obtained 
an  e,  -'atlon  of  the  Itopact  adiabatic  curve,  which  la  related  with 
the  movement  In  the  nadiua  of  the  surface  of  discontinuity  without 
a  reaction.  Such  a  surface  of  discontinuity  is  called  a  shock 
front.  For  the  latter  all  the  above  obtained  equations  of  conserva¬ 
tion  (l)-(5)  are  valid,  therefore  the  shock  front  nay  be  viewed  as 
a  particular  ease  of  an  overoonpressed  detonation  front. 

Let  us  now  apply  the  equations  of  concervation  of  aass, 
ttOBsntun  and  energy  to  deterwine  the  structure  of  the  detonation 
front.  Figure  5  represents  the  relative  distribution  of  the 
equilibrium  detonat'on  adiabatic  curve  p  and  the  intersadlate 
detonation  adiabatic  curves  of  constant  con^osltlon  k,  wherw  the 
greater  value  of  the  subscript  corresponds  to  the  larger  amount 
of  liberated  heat  (the  shock  adiabatic  cux>ve  of  the  Initial 
explosive  corresponds  to  the  cocposltlon  k^). 
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yig.  5.  Relative  distribu¬ 
tion  of  tho  equiltbrlua 
detonation  adiabatic  curve 
p  and  detonation  adiabatic 
curve  of  intemedlate 
oos^osition  vith  a  chemical 
reaction  exothermic  from 
start  to  finish. 


In  accordance  ulth  the  equation  of  conservation  of  mosientum 
{*)  the  point  daplctlag  the  theraodynaaic  state  of  the  medium  (the 
point  of  the  state)  most  slide  along  one  of  PUkhel'son^s  curves » 
until  it  reaches  the  equilibrium  detonation  adiabatic  curve.  If 
it  Mei«  lifted  from  position  0,  then  only  the  equilibrium  points 
lying  on  the  veak  branch  of  the  indicated  detonation  adiahatlc 
curve  aould  b©  accessible  to  It.  Therefore,  depending  on  the 
concrete  oechaniaa  of  occurrence  of  the  reaction  not  only  a  normal, 
but  evc.*5  ary  regime  of  undercoi^resBed  detonation  night  take  place. 
If  however,  the  phenomena  of  transfer  and  the  transmission  of 
radiant  energy  within  the  limits  of  the  detonation  front  are 
assumsd  to  be  negligibly  small,  then  only  a  single  aechanisa  of 
initiation  of  the  ohemidal  reaction  remains  »  shock  compression  of 
the  substance.  Therefore  the  forward  border  of  the  reaction  zone 
oust  be  the  shock  front,  which  transfers  the  state  of  the  medium 
abruptly  from  point  0  to  point  A  or  any  other  point  A',  lying  above 
the  shock  adiabatic  curve. 

From  position  A  or  A*  In  proportion  to  the  occurrence  of  the 
chemical  reaction  the  point  of  the  state  along  the  corresponding 
Hlkhel'son  curve  transfers  to  position  B  or  B*  with  the  decrease 
in  pressure.  Thus,  within  the  limits  of  the  detonation  front  a 
zone  of  incMased  pressure,  called  the  chemical  peak  (Pig.  6), 
tBuat  exist.  The  propagated  pressure  distribution  in  the  chemical 
peak  depends  on  the  kinetics  of  occurrence  of  the  chemical 
reaction. 
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Pig.  6.  Distribution  of  pressure  in  a  noraal 
detonation  wav©  In  the  case  of  a  quick  reaction 
from  start  to  finish  (the  continuous  line)  and 
at  the  start  of  a  slow,  and  then  accelerating 
reaction  (dotted  line). 

BD  -  nonatatlonary  rarefaction  wave.  Tlje 
designation  does  the  sane  as  in  Fig.  5. 


A  further  shifting  of  the  point  of  state  from  position  B  or  B* 
along  the  Mlkhel'son  curve  Is  lnqposalble,  since  movement  below 
must  occur  on  the  equilibrium  isentrope,  and  movement  above  would 
denote  a  shock  compression  of  the  products.  The  latter  is  also 
impossible,  since  the  shock  front  is  propagated  with  supersonic 
speed,  while  at  point  B  and  above  the  following  condition  is 
fulfilled 


(27) 

Hence  it  follows  that  the  points  of  type  C,  lying  on  the  weak 
branch  of  the  equilibrium  detonation  adiabatic  curve,  are  unachiev¬ 
able  in  the  case  under  consideration,  and  condition  (27)  is  the 
necessary  condition  for  the  stationary  propagation  of  the  detona¬ 
tion  front. 

On  the  other  hand,  on  the  strength  of  the  Inoompatibillty  of 
the  overcompressed  front  with  the  rarefaction  wave,  we  obtained 
the  above  second  necessary  condition  for  the  existence  of  a 
stationary  self-supporting  regime: 

cCO-a.  (28) 

These  two  conditions  do  not  contradict  one  another  only  when 

e-O-s,  (29) 
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l,e.i  nith  th«  fulfilla^nt  of  the  Chapi&an-Jouget  selection 
principle.  Let  us  eaphaslse  that  thla  principle  is  implemented 
with  respect  to  che  equilibrium  speed  of  sound,  and  relative  to  the 
frozen  speed  the  reglse  is  overcompressed. 

Let  us  examine  another  case,  where  the  chemical  reaction 
during  the  change  of  the  coiapositlon  from  to  a  certain  k-  is 
exothermic,  and  from  to  the  equilibrium  composition  -  endothermic. 
Such  ^  reaction  may,  for  exaE?)le,  exist.  If  in  the  reacting  mixture 
two  Independent  chemical  reactions  go  with  heat  liberation  of  equal 
signs,  where  the  endothermic  reaction  has  a  lower  speed.  Figure  7 
represents  the  corresponding  diagram  of  the  relative  position  of 
the  detonation  adiabatic  curve.  Now  the  lowest  speed  of  detonation 
is  determined  by  the  slope  of  Mikhel’son'a  curve  OA  tangent  to  the 
detonation  adiabatic  curve  of  Intermediate  composition  k^.  In  which 
the  sign  of  heat  liberation  changes.  Hence  It  Is  Iramedlately 
obvious  that  In  any  regime  the  detonation  front  is  propagated  with 
a  speed  higher  than  normal.  In  other  words,  the  Chapman- Jouget 
principle  is  not  implemented  in  this  case. 


Fig.  7.  Relative  position 
of  the  equilibrium  detona¬ 
tion  adiabatic  curve  p, 
shook  adiabatic  curve  and 

detonation  adiabatic  curve 
of  maximum  heat  liberation 


Let  us  examine  the  change  of  state  within  the  limits  of  such 
a  detonation  front.  Just  as  In  the  first  case  (see  Fig.  5),  t.he 
point  of  the  state  of  a  substance  shifts  along  Mlkhel'son's  curve 
from  position  A  or  A’  to  position  B  or  B*  (see  Pig.  7).  During 
this  process  the  pressure  falls,  i.e.,  once  again  there  Is  a 
chesdcal  peak.  Prom  position  B'  a  further  shifting  of  the  point  of 
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staCe  downwari  Cs  ia^iosaible,  since  the  Interrsedlate  detonation 
adiabatic  curve  of  composition  lies  above  all  the  other  detona- 
tion  adiabatic  curves.  Consequently,  from  position  B*  the  point  of 
state  will  shift  along  Ml'thal'son'a  cui*ve  only  upward  -  to  the 
equilibrium  position  C*.  Let  us  note  that,  passing  from  above 
downward  through  point  C',  the  reacting  mixture  had  no  equlllbrlui 
composition,  but  a  certain  intermediate  coaposltlon  between  and 
kj.  In  contrast  to  B*  from  position  B  the  further  movement  of  the 
point  of  state  along  Hlknel ’son’s  curve  is  possible  both  to  the 
side  of  a  pressure  Increase,  to  position  C,  as  well  as  to  the  aide 
of  Its  further  decrease,  to  position  D,  to  which  undercopqiresBed 
detonation  corresponds.  It  is  precisely  such  detonation  which 
will  be  self-propagating  in  the  case  under  consideration. 

For  a  more  vlsualieable  representation  of  the  structure  of 
an  undercomp resaed  detonation  front  let  us  assume  that  behind 
the  detonation  front  In  the  products  a  shock  front  is  transmitted, 
each  time  of  greater  aiiq)lltude,  until  finally  the  undercoaqpressed 
regime  transfers  to  an  overconq)i^8sed  regime.  Figure  8  represents 
the  pressure  distribution  in  a  detonation  wave  for  the  three  cases 
analyzed  above,  mainly,  when  points  D,  C,  and  C’  correspond  to  the 
final  state  of  the  products. 


A 
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Pig.  8.  Pressure  pro¬ 
files  In  detonation 
waves  In  the  case  of 
change  of  sign  of  the 
heat  liberation  at  the 
end  of  the  reaction  Kon«. 
^  a)  Underoompresssd 
regime ,  The  shock  waves  with  V  <  and  the 

rarefaction  waves  aw  absent  from  the  detona¬ 
tion  front,  b)  Mixed  regime  (the  continuous 
line  -  overcoapressed,  the  dotted  line  - 
undercompreused).  A  shock  wave  with  P  “  P- 

can  be  represented  at  any  dlst3inc<  from  the  detonation  front,  c) 
Overcompressed  regime.  The  detonj.tlon  front  cannot  be  separated 
from  the  shock  wave  with  P  >  P^,. 
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Let  us  notf  essuBe  that  behind  the  shock  front  there  first 
occurs  the  absorntion  of  heat,  for  exai^ile,  as  a  result  of  the 
endothersilc  reaction  or  the  process  of  relaxation.  Then  from 
point  A  or  A’  (see  Pigs.  5  and  7)  the  point  of  state  will  at  first 
go  along  Mlkhel'son's  curve  upward,  which  will  lead  to  a  smooth 
rise  In  the  pressure  In  the  ehealeal  peak.  In  other  words,  the 
forward  part  of  the  detonation  front  will  have  an  "avalanche,** 
which  Is  shown  for  the  esaaple  by  the  dashed  line  In  Fig.  8a. 

Concluding  our  diacuasion  of  the  stimcture  of  a  detonation 
wave  with  various  heat  liberation  regimes,  let  us  note  that  in  all 
instances,  except  that  corresponding  to  Pig.  8a  (segjBent  BD),  the 
point  of  state  intersects  the  strong  branches  of  the  intermediate 
detonation  adiabatic  curves,  i.e.,  in  these  cases  the  flow  of 
matter  relative  to  the  detonation  front  Is  subsonic  in  the  reaction 
zone  and  perturbations  fron  it  enter  the  shock  front.  As  pertains 
to  aegmant  BD,  the  flow  corresponding  to  it  must  be  supersonic 
(this  is  because  of  the  froeen  speed  of  sound).  Thus,  Zel'dovich*s 
theory  not  only  permits  us  to  substantiate  the  Chapman-Jouget 
selection  principle,  but  also  to  point  out  possible  divergences 
from  this  principle  depending  on  the  kinetics  of  the  chemical 
reaction  within  the  limits  of  the  detonation  front. 

I  3«  On  the  Theory  of  an  Uneven 
Front 


The  theory  examined  in  the  preceding  paragraph  shows  that  if 
we  assume  the  flow  within  the  reaction  zone  boundaries  to  be  one- 
dimensional,  then  the  corresponding  solution  of  a  common  system  of 
equations  of  the  gaa  dynamica  and  of  the  chemical  kinetics  will 
always  exist.  Therefore,  from  first  glance  it  can  be  shown  that 
the  problem  of  the  structure  of  the  detonation  front,  at  least  In 
honogeneoua  explosives,  is  in  principle  solved  and  for  its  actual 
detervdnstlon  it  is  necessary  only  to  find  sufficiently  accurate 
equations  of  the  chemical  kinetics  and  to  determine  the  necessary 
constants.  However,  ss  is  pointed  out  in  the  work  of  Zel’dovich 
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[39]»  “iie-  existence  of  a  solution  still  does  not  denote  that  it 
jorresronds  to  the  actually  existing  process  of  detonation.  The 
fact  Is  ti.at  a  solutions  obtained  on  the  assumption  of  a  ono- 
dlnenslonal  flow  in  the  reaction  zone,  can  turn  out  to  be  unstable 
with  respect  to  small  perturbations. 

An  investigation  of  the  stability  of  the  detonation  front 
with  respect  to  the  small  perturbations  was  first  undertaken  by 
Shohelkin  C*<0].  Subsequent  works  showed  that  in  the 

majority  of  cases  during  the  detonation  of  gases  a  smooth  detona¬ 
tion  front,  corresponding  to  Zel'dovlch's  theory.  Is  actually 
unstable.  The  most  basically  formulated  and  solved  problem  in 
the  general  form  on  the  stability  of  the  detonation  front  is  in 
work  [*t5].  However,  neither  this,  nor  other  works  permit  us  to 
draw  definite  conclusions  on  the  stability  of  the  detonation  front 
in  the  case  of  condensed  explosives.  The  application  of  the 
theory  to  this  case  Is  complicated  by  the  fact  that  the  equations 
of  state  of  the  reacting  medium  and  the  kinetics  of  the  chemical 
reaction  are  unknown  for  it.  Therefore,  in  this  book  concepts  on 
the  Instability  of  a  smooth  detonation  front  are  developed  on  the 
basis  of  experimental  data. 

In  the  case  of  instability  of  a  smooth  detonation  front 
Zel’doYlch's  theory  is  obviously  inapplicable,  and  the  problems 
of  its  structure  and  of  the  Justification  of  the  Chaproan-Jouget 
selection  principle  must  be  solved  anew.  As  long  as  the  equations 
of  the  chemical  kinetics  for  conditions  of  detonation  are  unknown, 
the  problem  of  the  detail  structure  of  the  detonation  front  czmnot 
be  solved.  However,  even  now  it  is  possible  to  examine  the 
averaged  structure  of  the  reaction  zone  from  a  general  standpoint. 

In  works  [46,  47]  there  is  an  analysis  of  the  application  of  the 
laws  of  conservation  of  averaged  mass,  momentum  and  energy  to  the 
case  of  gas  detonation  on  the  assumption  of  isotropic  flow  turbu¬ 
lence  in  the  reaction  zone.  In  work  [48]  it  is  shown  that  by 
selecting  a  method  of  averaging  of  the  flow  parameters  the  equations 
of  conservation  for  an  arbitrary  rosdiura  can  be  given  the  form  of 
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tb9s9  sttsa  fr^uations  of  a  oao^Sisentional  flow  (l)-(5}»  if  the 
proflsuro  and  spoeifie  IntcRial  onepcr  w«  Esoan  the  following  formal 
values: 


(30) 

(31) 

and  b;  tbs  il5n8lt7  and  spaed  «  the  corresponding  average  values 
p  and  u.  In  the  last  expressions  the  line  above  denotes  averaging 
with  respeot  to  tins  at  a  given  point  of  space  in  the  coordinate 
systeB,  related  with  the  detonation  front.  The  vector  u*  and  its 
coaponent  u*^»  directed  along  the  detonation  pi*opagation«  represent 
the  pulsation  of  the  flow  velocity,  i.e.,  the  difference  between 
&os»ntary  and  the  avercgc  vslooity. 

Thus,  in  the  case  Of  a  turbulent  reaction  sone  the  internal 
energy  should  ^aa  the  sua  of  the  Internal  energy  proper  and  of  the 
turbulent  stovesent  of  the  mdluB.  In  just  the  sane  way  the  pressure 
should  be  undentood  to  naan  the  sun  of  the  thensodynanic  pressure 
and  the  dynaaio  head  pu^^.  Let  us  note  that  pressure  may  be 
seasared  by  a  sononetcr,  which  possesses  a  sufficiently  large  time 
constant,  if  its  sensor  shifts  together  with  the  nediua  with  the 
average  speed  of  its  aoveosnt.  Purthenaore  in  work  [48]  it  was 
shown  that  it  is  possible  to  select  In  this  way  the  values  which 
characterise  the  flow  turbulence  in  the  reaction  tone,  and  that 
they  will  fomally  behave  as  coaponents  of  the  chemical  cor^osition 
k.  In  other  words,  the  process  of  the  eoergence  and  subsequent 
attenuation  of  turbulence  during  detonation  can  be  viewed  as  the 
occurrence  of  the  eheaioal  reaction  and  it  is  possible  to  even 
calculate  the  heat  liberation  of  the  latter.  Proa  this  vletfpoint 
the  reaction  tone  should  be  understood  to  aaan  the  entire  region, 
Tfithin  the  confines  of  which  not  (^nly  docs  the  chenical  reaction 
go  to  cospletion,  but  also  where  the  total  attenuation  of  the 
flow  turbulence  occurs. 
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The  proposed  oathod  of  averaging  alloKs  ua  to  solve  the  problen 
of  the  structure  of  a  detonation  wave  ^th  a  turbulent  reaction 
zone  in  precisely  the  ease  eay  as  vas  done  In  the  theory  of 
Zel’dovich.  In  particular^  it  was  shown  in  [48]  that  if  the 
Qrjneisen  coefficient  for  the  product  satisfies  the  inequality 

^32) 

then  the  heat  liberation  as  a  result  of  the  formal  components  of 
th^  chemical  coB^osltlon  is  positive.  If  the  purely  chemical  part 
of  the  heat  liberation  is  also  positive,  then  the  detonation  will 
have  a  normal  regime. 

The  Idea  of  conditions  (32)  can  be  clarified  on  the  basis  of 
the  following  simple  considerations.  Let  us  assume  that  with  the 
attenuation  of  the  turbulence,  when  the  Ic.  ter  can  be  considered 
isotropic,  a  unit  voluns,  which  will  henceforth  remain  constant, 

Is  liberated  from  the  medium.  On  account  of  the  fact  that  it  is 
Isolated,  the  energy  contained  in  it  (the  sum  of  the  internal 
anu  of  the  kinetic  energy)  also  does  not  change  with  time.  There¬ 
fore  the  reduction  In  the  kinetic  energy  is  exactly  equal  to  the 
increase  In  the  internal  energy: 

— A  (33) 

In  accordance  with  the  change  in  the  kinetic  and  internal 
parts  of  the  total  energy  there  is  a  change  in  the  average  pressure 
and  in  the  dynarle  head,  l.e.,  the  cosq>cnents  of  the  formal 
pressure.  Taking  into  account  the  fact  that 
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QtteaUon  to  equalltr  (33))  m  find 


<3^i) 

Slnot  »ith  tbo  attenuation  of  the  turhulenoe  S  increases »  tilth  the 
observation  of  condition  r  >  2/3  P*  also  IncreaHes.  However,  this 
also  mfins  that  in  the  glvan  ease  the  proeoas  of  attenuation  of  the 
turbulenoa  esust  bo  fomtlly  corjaiderad  to  be  an  exothertnlc  reaction. 

In  the  discussed  theory,  by  aritlogy  with  the  theory  of 
Zal'dovich,  the  Justification  of  the  Chapa.:ji-Joug8t  selection 
principle  la  basically  related  with  tho  assuH^tlon  that  in  the 
process  of  the  reaction  and  tb«  atte;  uatlon  of  the  turbulence  the 
oediuga  gasa  to  a  state  of  thersodynaidc  equilibriua  while  expanding 
(the  corresponding  point  P^,  ?  slides  along  Fttkhel’son's  curve 
downward).  Hith  a  turbulent  reaction  sone  the  disregardable 
SEEdllness  of  the  phenossna  of  transfer  does  not  necessarily  lead  to 
the  desired  direction  of  Boveaent  of  point  P. ,  7  along  Stikhel* son's 
curve.  fhsrofoBS,  the  sentlonod  aesuaptlon  oust  theoretleslly  be 
Justified  for  oaeh  eoaerete  structure  of  an  uneven  detonation 
front  or  mat  be  directly  oheotced  ezperitBentally.  For  exaa^le, 
to  dotexiBina  the  distribution  of  ^  within  the  Halts  of  the 
reaction  sone  it  la  possible  to  neasure  the  profile  of  the  aass 
velocity  u  and  to  then  swdet  use  of  the  law  of  conservation  of  isass 
(1).  Sunning  a  few  steps  ahead,  we  will  note  that  in  alBost  all 
Inbtaooes,  when  such  s^asuresent  has  been  done  successfully,  it 
was  disoovo]«Bd  that  the  reacting  oedlua  approaches  the  equilibriua 
state  right  during  the  process  of  ospanslon. 

Hie  pressure  and  ensrgy  within  the  limits  of  the  detonation 
front,  as  a  rule,  are  dotorained  indirectly  through  other  values 
with  the  Bid  of  tho  laws  of  octuiervation  of  osoaentua  (t)  and  energy 
(5N  In  cose  of  a  turbulent  reaction  sone  P  and  E,  do  not  enter 
into  tbaae  equations,  but  rather  ?.  and  E*,  and  therefore  In  In- 
direct  ccB&urccents  not  the  thermodynamic,  but  the  fonaal  pressure 
and  ener^  are  determined,  which  should  always  be  kept  in  mind. 
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CHAPTER  11 

EXCITATION  OF  DETONATION  BY  SHOCK  WAVE 

Tlie  usual  »ethod  of  initiating  detonation  in  a  condensed 
explosive  suostimoe  is  the  creation  in  thia  substance  of  a 
shock  wave  of  sufficient  intensity  from  the  detonator  capsule 
in  conjunction  with  the  booster  charge. 

Detonation  may  also  be  caused  by  friction,  a  beaic  of  li^t, 
burning  in  a  closed  volusse,  shaking  of  the  charge,  striking  of 
particles  and  pieces,  a  light  pulse,  etc.  However,  even  under 
these  conditions  fonaatlon  of  detonation  occurs  as  a  result  of 
the  emergence  in  the  final  stages  of  a  transition  process  of 
the  nonstationary  shock  wave  with  ignition,  which  also  passes 
into  a  stationary  detonation  wave. 

The  study  of  the  phenomenon  of  the  transition  of  a  shock 
wave  into  detonation  touches  on  the  basic  problems  of  detonation 
of  condensed  syctoms.  On  the  one  hand,  this  Is  a  problsa  of  a 
aechanlsm  of  the  emergence  and  occurence  of  a  chemical  reaction 
which  ensures  total  heat  liberation  in  the  explosive  for  relatively 
short  times  of  the  shock  loading.  On  the  other  hand,  It  la  a 
problem  concerning  the  structure  of  hydrodynamic  flows  under 
nonstatlonary  conditions,  which  fora  the  detonation  wave. 
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Qie  nus^p  of  ostposTia^ntal  tsorks  on  tho  observation  of  a 
datallod  pictm^e  of  dtforaation  of  a  detonation  vave  is  small. 

There  are  si^flo&ntly  i^re  works  dedicated  to  the  solution  of 
spiled  probl«es  of  the  susceptibility  of  the  explosives  to 
detonation  depending  on  their  ai^regate  state,  density,  dispersity, 
prescnos  of  sensitising  and  retarding  additives,  etc.  Ihe  dynaialc 
porasetera  of  the  initiating  shook  wave  were  ordinarily  not  measurec 
here,  and  the  susceptibility  to  detonation  was  characterized  in 
relative  values.  Efost  frequently  this  was  the  width  of  a  plate 
Bade  of  an  inert  material,  which  divided  the  active  charge  from 
the  investigated  oaterlal,  throu^  which  the  detonation  was  still 
capable  of  being  transferred  [*>93.  In  alnllar  experioents  us.’ng 
a  photoregister  it  was  discovered  that  detonation  in  a  passive 
charge  begins  at  a  certain  distance  fro»  the  inert  boundary, 
which  incresused  In  proportion  to  the  increase  in  the  width  of  the 
boundary  or  the  decrease  in  the  size  of  the  initiating  charge. 

In  certain  experlaaents  the  phenooenon  of  the  propagation  of 
detonation  In  the  opposite  direction  frcMa  the  site  of  energence 
("retonation** )  was  also  detected. 

An  explanation  of  these  results  encounters  significant 
difficulties.  IThe  presence  of  a  delay  In  the  initiation  and  the 
energence  of  a  retonatlon  wave  from  outside  recalls  the  picture 
of  the  predetonation  period  in  the  transition  of  con^ustlon  into 
detonation  in  gaseous  slxtures  [2^],  in  connection  with  this 
until  this  tlsra  nus&erous  attespts  have  been  made  [53-98]  to 
exoRins  the  phenoaenon  approximately  according  to  the  following 
outline. 

'%«  shook  wave  causes  ignition  of  the  substance  with  a 
certain  delay.  A  pressure  rise  as  a  result  of  the  developed 
reaotica  leads  to  the  easrgonoe  of  a  series  of  compression  waves, 
which  overtake  the  front  of  the  Initiating  shock  wave  and  increase 
its  CEiplltude.  1%e  aoplitude  of  the  shock  wave  increases 
continually  until  it  reaches  a  value  which  corresponds  to  nortaal 
detonation.  In  this  way  it  is  supposed  that  the  difference  with 
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the  clasalc&l  idea  of  the  transition  of  cos^ustion  into  detonation 
[231  consists  only  in  the  fact  that  the  shock  wave,  originating 
under  the  effect  of  the  accelerating  front  of  coti^ustion,  is 
replaced  by  a  shock  wave  frcB  the  active  charge.  It  is  obvious 
that  such  a  transference  of  tne  oodel  of  the  transition  of  coe^ue- 
tion  to  detonation  for  clarifloatlon  of  the  development  of  the 
initiating  shock  wave  la  connected  with  aisunderstandlng.  In  the 
scheme  of  the  transition  of  coid)U3tlon  to  detonation  the  accumula¬ 
tion  of  compression  waves  leads  to  the  formation  of  a  shock  wave 
with  an  amplitude  sufficient  for  self  ignition  of  the  gas.  Ohe 
appearance  of  such  a  shock  wave  is  identified  with  the  manifestation 
of  detonation  [23].  Wie  more  precise  probloa  of  the  transition 
uf  such  a  shook  wave  to  detonation  is  not  exeuiined  in  detail, 
and  it  is  precisely  this  that  is  the  essence  of  the  problsa  of 
shock  initiation. 

The  theoretical  problem  of  nonatationary  interaction  of  the 
region  of  oelf-lgnltlon  with  the  front  of  the  shock  wave  has 
i-emalned  until  the  present  time  an  open  question  even  for  gaseous 
mixtures.  The  speeiflcs  of  the  reactions  In  a  condensed  Bodlua 
complicate  a  strict  formulation  of  the  problem  even  more. 

i  1.  The  Initiation  of  Liquid  Explosives 

Today  the  majority  of  investigator®  assume  that  the  occurence 
of  the  chemical  reaction  in  a  shock-compressed  homogeneous 
explosive  has  a  thermal  nature.  In  spite  of  the  fact  that  precise 
calculations  on  the  value  of  the  shook  waro-up  are  so  far  unoocpli- 
cated,  approximate  evaluations  [58,  59]  testify  to  the  actual 
posalbillty  of  the  beat-up  of  liquid  to  temperatures  of  self- 
ignition  in  the  shock  wave  with  a  pressure  on  the  order  of 
100,000  ata.  l^ie  effect  of  the  elastic  part  of  the  energy 
of  the  shock  compression  on  the  wel^t  of  the  chemical  reaction 
remains  indctcrainate.  It  should  be  kept  in  mind  that  on  the 
front  of  the  detonation  of  powerful  liquid  explosives  the  pressure 
in  the  aedium  may  reach  a  significantly  greater  value,  at  which 
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pslsoipla  a  quallfeatlva  oiiaiHS*  in  tha  mechanism  of  the  chemical 
is  possibls  [23]  o 

A  decisive  ehas*&ctepletic  of  the  thernsl  nature  of  the 
obsadeal  p«eoticm«  »hieh  oan  be  deeeribed,  for  esai^le,  by 
AxTfc9Bi»s  klDetio8»  is  the  presence  of  the  abrupt  self-acceleratlon 
of  the  reaction  under  adiabatie  conditions ,  Banlfeated  in  the 
self-i^tlon  of  the  substanae  after  s  certain  delay  time  and  in 
the  streng  dependence  of  this  tiate  on  the  initial  parameters . 

A  ooaorote  reason  in  favor  of  the  assuiaptlon  of  the  thermal 
nature  oisht  also  be  the  analofy  in  the  proeesaes  of  excitation 
and  propa^tlon  of  detonation  of  hosogeneous  condensed  explosives 
and  gaseous  adxtures. 

In  the  experimental  uorks  of  Cespbell,  et  al.  [60]  using 
apeed  photography  and  eleotrieal  probes  ultrafaot  phenomenon 
In  the  initiation  of  detonation  in  certain  liquid  explosives 
»as  oeteeted.  It  »aa  oatablicbed  that  the  initiating  shock  wave 
is  propagated  throu^  the  liquid  explosive  for  a  certain  tine 
at  a  subtly  falling  ratt»  as  in  an  inert  medium.  After  a 
certain  time  of  delay  the  shook  uave  suddenly  transfers  to 
detonation,  t^ere  at  the  initial  soment  this  detonation  is  over- 
eempressed.  In  observing  the  process  from  the  end  of  the  charge 
in  a  traiisparest  liquid  explosive  -  nitromethane  -  there  was 
registered  the  ooourence  of  a  weak  luminescence  shortly  before 
the  trenoition  of  the  shook  vave  into  detonation. 

A  sohestt  for  setting  up  the  experiment  for  the  observation 
of  the  process  of  initiation  in  nitromethane,  similar  to  the 
setup  of  Ctt^hell,  «t  al.  [60],  is  shown  in  Pig.  9.  As  the 
ijsert  boandarjr,  cutting  off  the  incandescent  prrJucts  of  detonation 
of  the  active  charge,  a  set  of  plates  made  from  Plexiglas  is  uaed. 

tr^perenoy  of  the  Plexiglas  allows  us,  during  observation 
of  the  prooeos  from  the  end  of  the  charge,  to  record  on  a 
pboto^wcaeoor  tbs  flashes  of  the  air  gaps  during  the  passage  of 
tba  shook  wave  through  the  boundary.  Since  the  shock  adiabatic 
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curve  of  the  Plexiglas  is  known  [61],  it  is  possible  to  calculate 
the  oaas  velocity,  density  and  prossui'e  in  this  shock  wave. 
Moreover,  the  shock  adiabatic  curve  of  nitroaethanr  is  also  known 
[62].  Therefore,  with  the  aethod  of  reflection  [63]  It  Is  not 
difficult  to  calculate  the  wave  and  mass  velocity,  pressure  and 
density  in  the  initiating  shock  wave. 


\ 
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Pig.  9.  Setup  of  the  experiment  for 
observing  the  formation  of  detona¬ 
tion  on  the  excitation  boundary. 

1  -  Detonator  capsule;  2  -  booster 
charge;  3  -  explosive  lens;  4  - 
table  of  pressed  trotyl  100  ss  in 
diameter;  5  and  6  -  Plexiglas  plates; 

7  -  container  with  liquid  explosive; 

8  -  air  gaps;  9  ~  direction  of  the 
optical  axis  of  the  photoreglsttr. 


The  selection  on  the  pressure  amplitude  necessary  for 
initiation  occurs  with  a  change  in  the  initial  density  of  the 
charge  made  from  pressed  trotyl.  Pine  regulation  of  the  pressujre 
In  the  initiated  wave  allows  us  to  obtain  a  delay  in  the  transition 
of  the  shock  wave  into  detonation  of  up  to  10  ps.  Fhotoscannlng 
of  one  of  the  experiments,  conducted  according  to  this  setup, 
is  given  in  Fig.  10.  The  Initial  velocity  of  the  shock  wave 
in  nitromethane  In  this  experiment  amounted  to  4,2  ko/a,  while  the 
pressure  in  the  wave  was  78,000  atm.  In  the  photosoanner  one 
can  see  how  after  a  certain  time  after  the  entry  of  the  shock 
wave  into  the  nltromethane  In  the  shock-eompressed  liquid  there 
arises  a  relatively  weak  luminescence,  which  has  a  constant 
intensity  and  after  a  certain  titae  is  suddenly  changed  by  the 
luminescence  of  the  detonation  of  the  nltromethane.  (The  rate  of 
norssal  detonation  in  nltromethane  is  6,3  tem/s,  and  the  initial 
density  Is  1.14  g/cn-’.)  Using  ionization  sensors  [60]  It  was 
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de^c^Ilihad  that  the  ^sergence  of  conductivity  on  the  limit  of 
the  division  of-  the  Inert  boundary  and  the  nitromethane  corresponns 
to  the  start  of  this  luaunescence.  Using  the  same  senses  there 
was  aucoess  in  recording  the  fact  that  the  v.one  of  conductivity, 
which  (^parently  arises  ee  a  result  of  the  chemical  reactior. , 
propagates  with  high  speed  behind  the  shock  wave  and  overtakes  it. 


?ig,  10,  Photoscanning  of  the  luminescence 
during  initiation  of  nitromethane  according 
to  the  ayatea  shown  in  Pig,  9.  1  -  Illumina¬ 

tion  of  the  air  gaps  during  the  passage  of  the 
shock  wave;  2  -  momen’’  of  entry  of  the  shock 
wave  into  the  liquid;  3  -  luminescence  in  the 
area  of  ahock-coiqpressed  liquid;  ^  -  lumines¬ 
cence  of  normal  detonation  of  nitroir -‘thane; 

5  -  area  of  overcompression  in  the  c.etonatlon 
of  nitromethane;  6  -  iliumlnatirn  of  the  deto¬ 
nation  products  during  their  escape  from  the 
free  aurface  of  the  liquid  explosive. 


The  observed  ultrafast  perturbation,  accompanied  by  weak 
lumlnesoenoe,  corresponds,  as  Chaiken  suggested  to  the 

detonation  of  the  prelltsinarily  compressed  and  heated  shock  wave 
of  nitroaethano ,  which  arlaes  under  the  effect  of  the  thermal 
esploolon  on  the  boundary  of  the  section,  occurring  after  a 
definite  period  of  induction.  The  detonation  rate  here,  according 
to  the  hydrodymuaic  model,  must  be  higher  than  normal  due  to  the 
pr«. .iadnary  cojs^jression  of  the  substance  by  the  shock  wave. 
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Considering  this  wave  as  standard,  Chalken  suggested  a  space-tlsre 
calculation  system  for  its  speed  from  the  known  dynamic  paraioeters 
of  the  initiating  shock  wave  and  according  to  the  data  of  photo¬ 
scanning  (Fig.  11) . 


Pig.  11.  Chalken's  scheme  for  calcula¬ 
ting  the  rate  of  detonation  of  a  shock- 
compressed  substance  according  to  photo¬ 
scanning  data.  1  -  Propagation  of  the 
front  of  the  initiating  shock  wave;  2  - 
movement  of  the  surface  of  the  boundary 
made  from  inert  material;  3  -  delay  of 
the  thermal  explosion  on  the  boundary 
surface;  -  time  of  weak  luminescence 
behind  the  shock  wave;  5  -  propagation 
of  detonation  in  a  liquid  preliminarily 
compressed  by  a  shook  wave;  6  -  normal 
detonation. 


Since  there  were  no  direct  proofs  of  the  detonation  nature 
of  the  ultrafast  perturbation,  Jacobs  [65]  was  limited  by  the 
as3ung)tlon  of  the  existence  of  a  "secondary  shock  wave  in  the 
liquid  as  a  result  of  the  reaction."  In  contrast  to  these  authoirs 
Cook  [66]  found  in  experiments  on  the  Initiation  of  detonation  of 
nltromethane  confirmation  of  his  hypothesla  on  the  existence  of 
a  "thermal  pulse,"  which  put  in  doubt  the  validity  of  the 
hydrodynamic  theory  of  detonation. 


Thus,  the  basic  problems  in  the  investigation  of  the 
mechanism  of  shock  initiation  of  homogeneous  media  are  the 
following: 

1.  To  what  degree  does  the  nature  of  the  second  wave 
correspond  to  Chalken 's  hypothesis? 

2.  Under  what  conditions  and  in  what  way  does  the  ultrafaat 
wave  arise?  Zn  particular,  is  the  formation  of  this  second  wave 
characteristic  for  the  shock  Initiation  of  all  liquid  explosives? 
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3*  do  ^  detemina  the  aensitivity  of  hoBOgensoas 
condoaied  axplosivea  for  a  shock  »ave? 

lot  us  exoaina  these  probleas  one  at  a  tlsw. 

1.  If«  aosordlns  to  Chalken,  we  assuste  that  the  ultrafast 
wave  oorreaponda  to  datonation  of  shock^eoB^resaed  nltrosathsne , 
then  It  is  poaaibla  froA  uhe  calculated  or  aeasured  speed  of  this 
datonation  to  aatlaata  the  paraaetere  of  the  shock  wave  on  its 
front,  oorrespondlflg  to  the  hydrodynaalc  tscdel.  The  calculation 
seheata  la  ahpwn  in  i^g,  12.  it  turns  out  that  even  for  the  siuillest 
values  of  saaaured  wave  velocitlee  [60,  673  with  the  use  of  the 
adiabatic  curve  of  double  cocpression  (understated  estlsate)  the 
presaure  on  the  shook  front  of  the  detonation,  corresponding  to 
a  cne^dlnensional  hjrdro£ynaatlc  Zel'dovich  eodel,  mut  be  around 
1  siilllon  ata.  The  density  Jui^  here  sust  not  exceed  the  density 
3usi|)  on  the  front  of  norsal  detonation  by  less  than  2  tiaes. 


(1) 


Pig.  12.  Estiaating  the  paraneters  of 
a  shock  wave  on  the  detonation  front 
of  a  shock'COB^res&ed  substance. 

1  -  Extrapolated  shock  adiabatic  curve 
of  nltrcaethane,  swasured  up  to  pressures 
of  80,000  atn;  2  >  adiabatic  curve  of 
a  double  shook  coapi^ssloa;  3  «  parameters 
of  an  Initiating  shock  wave;  4  •  y>ay, 
corresponding  to  the  speed  of  the  second 
wave,  equal  to  B.k  km/s  relative  to  the 
■ovlng  boundary  of  the  active  charge; 

5  >  parameters  of  the  second  wave; 

6  >  pressure  on  the  detonation  front 
of  a  shook'compressed  liquid  explosive. 
KEY:  (1)  P,  thousands  of  atm;  (2) 

u,  k«/8. 


Froe  works  [68,  69]  it  is  known  that  the  front  of  normal 


datonation,  as  veil  as  Inert  shock  waves  in  liquid  refleot  well 
the  of  an  extraneous  light  source.  Dierefore,  attempts 

Bight  ba  made  to  detect  the  shock  wave  on  the  front  of  an 


Ultrafaat  detonation  by  the  reflected-llght  method.  Since  the 


ddnsity  Jump,  calculated  above  for  a  ehook  front  of  an  ultrafast 
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deton&tion,  Is  large,  correspondingly  tl.e  coefficient  of  light 
reflection  from  this  «ave  must  also  be  large, 

I 

The  shock  wave  preceding  the  ultrafaot  detonation  la 
in  nltroBiethane  practically  completely  transparent.  Tills  conclusion 
follows  from  the  experiments  on  the  observation  of  light  reflection 
from  the  border  of  the  boundary,  covered  by  a  thin  reflecting 
aluminum  layer,  through  the  layer  of  shock-comfressed  nltromethane 
[70 j.  The  transparency  of  the  liquid  behind  tTs  shock  front  is 
also  witnessed  by  the  constancy  of  the  luminescence  of  the  second 
wave  during  its  propagation  to  the  front.  Experiments  were  sat  up 
with  light  reflection  (Pig.  13).  The  initiation  delay  selected 
in  these  experiments  was  large  enough,  so  that  the  reflected  light 
from  the  Initiating  shock  wave  would  not  Impede  the  observation 
of  the  light  reflection  from  the  second  wave,  which  had  a  convex 
shape  In  our  experiments,  The  angular  dimension  of  the  light 
sources,  was  0.2  rad  to  obtain  a  sufficiently  large  reflection  In 
the  convex  "mirror,”  corresponding  to  the  second  wave.  It  was 
fou.nd  that  the  light  la  reflected  well  both  from  the  shock 
detonation  Wive,  as  well  as  from  the  normal  detonation  wave,  and 
from  the  second  wave  there  is  no  light  reflection  (Pig.  I).  In 
the  explanation  of  this  fact  several  versions  are  permlsalbie. 

Pig.  13.  Formulation  of  an  experiment 
with  light  reflection.  1  -  Active  charge; 

2  -  transparent  jontainer  with  liquid 
explosive;  3  -  explosive  light  source, 
consisting  of  au  explosive  lens,  a  pressed 
hexogen  tablet  and  a  glass  tube  with  argon; 

^  -  light  source  diaphragm  (15  mm  -  width 
aperture,  cut  in  the  screen  of  perpendicular 
projection  of  the  Inlet  opening  of  the  photo- 
register);  (5)  -  direction  of  the  axis  of 
the  photoregister  . 
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bijjb  prtesupes  of  tbs  dyneale  parajMters  on  th«  front 
of  tbo  soeoefl  »air«,  obtained  tbrougb  calculation,  allow  us  to  assume 
that  the  thareal  eosponent  in  the  energy  of  the  shock  eosipression 
is  also  large.  %ia  taa|>erature  of  the  shock  «ar»*up  on 
the  front  of  the  detonation,  propagating  along  the  precoj^ressed 
and  heated  fi«nt  to  tcssperaturea,  close  to  self  ignition  for 
the  sidistanee,  met  lead  to  the  EJinissua  possible  tiasa  of 
oheaioal  reaotion  on  this  front.  If  ignition  on  the  front  occurs 
here  after  a  tiae  on  the  order  of  10*^^  s,  then  the  distance  froa 
the  forward  shook  front  up  to  the  fla»e  cust  be  less  than  the 
wavelength  of  the  light  <5*10*^  ea).  It  is  possible  that  the 
forward  fr<mt  of  such  detonation  does  not,  in  practice,  also  have 
to  reflect  light  froa  an  extraneous  source.  Also  not  excluded 
is  the  fact  that  with  such  enoxesjus  pressures  the  kinetics  of 
the  heat  liberation  Is  not  thensal  and  the  pressure  directly 
affects  the  chealcal  conversion.  In  this  ease  the  reflective 
capability  of  the  detonation  front  becosea  indeteradnate.  And, 
finally,  the  last  assumption  consists  in  the  fact  that  the  second 
wave,  in  general,  doef>  ni't  haw  a  clear-cut  forward  front  and 
is  not  detonation. 

To  explain  the  natux^  of  the  ultrafast  wave  a  direct 
neasuresent  of  the  pxK>flle  of  the  hydrodynaalc  flows  behind  the 
initiating  shock  wave  was  aade.  An  eleotroaagnetic  device  was 
used,  the  principle  of  which  is  based  on  the  registration  of 
the  electroaotlve  Topee,  arising  in  the  sensor  wade  fx*oB  a  thin 
foil,  attracted  by  the  shock  or  detonation  wave  to  a  perpendicu¬ 
larly  constant  magnetic  field  [71}  (Fig.  It).  A  typical  recording 
of  the  flow  rate  in  an  experiwent  with  nltrowethane  is  shorn  in 
Pig.  15.  The  sensor  was  set  up  at  a  certain  distance  frow  the 
barrier  llwit.  An  Initiation  delay  was  selected,  such  that  the 
shook  wave  attracted  the  sensor  until  the  approach  of  the  ultra- 
fast  wave  to  it.  As  can  be  seen  froc  the  oscillograa,  the  ultrafast 
wave  has  an  abrupt  leading  edge.  The  wass  velocity  on  the  fi*ont  of 
the  first  shock  wave  is  1.6  kn/s,  and  the  additional  Jusp  of  the 
aass  velocity  in  the  second  wave  is  1.2  kn/'s  in  a  reglwe  of  initia¬ 
tion  with  a  delay  of  2-3  ys. 
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curvature  of  the  leading  edge  of  the  ultraf-  at  wave 
bears  witness  in  favor  of  the  asaumption  of  its  detonation 
character.  For  the  calculation  of  the  parameters  of  this  wave, 
applying  the  loss  of  conservation  to  the  surfaces  of  the  hydro- 
dynamic  discontinuity I  in  work  [673  it  was  learned  that  the 
pressure  on  its  front  aswunts  to  250,000  atm  with  a  pressure  in 
the  Initiating  shock  wave  of  BOjOOO  atm.  The  chemical  reaction 
zone  on  the  front  of  this  wave,  evidently,  is  ao  narrow,  that 
it  Is  not  noticed  on  the  oa cl llograms.  The  detonation  character 
of  the  second  wave  is  to  an  even  greater  degree  attested  to 
by  the  drop  in  pressure  behind  the  front  of  this  wave  due  to 
the  escape  of  the  detonation  products.  It  was  established  that 
in  proportion  to  the  Increase  In  the  layer  of  substance  detonated 
in  this  wave  the  pressure  profile  behind  the  wave  becomes  smoother 
in  conformance  with  the  one-dimensional  theory  of  the  escape  of 
detonation  products. 


Pig,  1*(,  Mounting  of  the  charge  for 
measuring  the  profile  of  velocity  of 
the  medium  during  shock  initiation  by 
the  electromagnetic  method.  1  -  Initiator; 
2  -  explosive  lens;  3  -  trotyl  tablet; 

4  -  plate  made  from  paraffin;  5  -  sensor 
made  from  aluminum  foil,  0,03  mm  thick; 

6  -  liquid  explosive. 
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15 >  Oaelllogrss  of  the  ease  velocity 
urlng  Inltlatiorj  of  detonation  in  nitro- 
methane.  1  -  Spe^d  of  the  aedlus  behind 
the  front  of  the  initiating  shock  wave; 

2  •  Increase  In  the  flov  velocity  under  the 
effect  of  the  second  save. 

The  abrupt  pressure  drop  Itoaedlately  behind  the  front  allows 
ua  axso  to  express  certain  considerations  relative  to  the  fulfill¬ 
ment  of  the  Chapman-Zhuge  selection  principle  for  the  detonation 
of  a  3bock-coji5)re88ed  substance.  It  Is  known  that  a  regime  of 
overcoapressed  detonation  cannot  exist  without  external  support, 
and  therefore  In  our  case  this  regime  does  not  exist.  A  regime 
of  undercos^ressed  detonation,  uhioh  In  principle  may  exist,  for 
example,  os  a  result  of  radiation  or  anomalous  thermoconductlvity 
ia  distinguished  by  the  fact  that  the  flow  velocity  behind  the 
front  of  the  wave  is  greater  than  the  velocity  of  propagation  of 
perturbations  In  the  detonation  products.  In  this  case  directly 
behind  the  xone  of  chemical  reaction  In  the  wave  an  area  of 
constant  paraaeters  oust  exist,  since  the  rarefaction  wave  rcxjains 
behind  the  front  of  the  detonation  wave.  No  such  region  of 
constant  paraiaeters  was  discovered  on  the  oscillograms.  Therefore, 
one  may  assert  that  the  Chapman-Zhuge  selection  principle  for  this 
detonation  Is  carried  out  with  good  accuracy.  Hence  It  follows 
that  with  a  constant  initial  density  such  a  wave  must  be  stationary, 
as  also  postulated  In  Chalken’s  hypothesis. 
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It  was  earlier  pointed  out  that  an  initiating  sbpek  wave 
aurlng  the  period  of  induction  bebaras  as  if  lasrt.  fhusj  the 
ultiafa;.t  detonation,  Taming  fresa  tb®  then®l  explosion,  is 
pr:/pagated  throu^  the  ecsgiroasad  substanee,  ^iob  has  a  practically 
constant  density.  Since  the  propagation  of  th®  detonation  does  not 
depend  cn  the  jaethod  of  its  initiation,  i'  ia  poaalble  to  excite 
an  ultrafast  ware  artifically.  For  this,  with  the  usual  charge 
setup  (See  Fig.  9)  on  the  boundary  -  nitroasethane  interface  there 
is  set  up  a  gas  bubble,  a  grain  of  explosive  or  a  metal  wire. 

When  the  shock  wave  leaves  the  boundai^  at  this  site  there  occurs 
practically  without  delay  a  thermal  explosion,  which  causes  the 
detonation  of  the  cempresaed  substance.  The  shock  wave  is 
selected  with  such  an  amplitude,  that  the  Independent  thermal 
explosion  must  occur  with  a  long  delay.  The  variation  in  the 
delay  in  initiation  is  accosqpanled  by  an  extremely  slight  change 
in  the  parameters  of  the  Initiating  wave. 

The  arising  detonation  ia  propagated  along  the  Interface  In 
the  compressed  explosive  with  a  velocity  almost  constant  for  a 
certain  time  and  is  directly  registered  on  the  photoscanner 
(Figs.  l6,  17).  Thus,  it  was  successfully  established  that  the 
process  of  propagation  of  the  ultrafast  detonation  is  stationary, 
and  its  velocity  was  measured,  without  using  (Hiaiken's  space-time 
system.  For  nltrcmethane ,  precompressed  by  a  shock  wave  to  a 
pressure  of  80,000  atm,  the  detonation  rate  is  8.1  km/a.  Pop  a 
mixture  of  nltrcmethane  with  acetone  in  a  ratio  of  75:25  at  the 
same  pressure  this  velocity  equals  6,3  km/a.  The  drop  In  the 
speed  with  the  reduction  in  the  heat  content  helps  to  conflra 
the  validity  of  Cbalken’s  hypothesis  on  the  conformance  of  this 
detonation  to  the  hydrodynamic  model.  It  la  interesting  to 
note,  however,  that  the  calculation  of  the  speed  according  to  the 
space-time  system,  suggested  by  Chalken,  leads  to  untrue  results. 
The  speed  of  the  "second"  wave  in  the  mixture  turns  out  to  be 
greater  than  the  s  sed  of  this  wave  In  undiluted  nitromethane . 

The  reasons  for  the  incorrectness  of  the  calculation  procedure 
will  be  explained  below. 
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Jig.  16.  niofcoacssn  of  an  expeploent  of  «he  (liroct 
BoastiroKont  of  thd  dotonation  rate  of  a  shockocoi^rossod 
itxploolv*  U8i!tg;  an  artifloial  ignition  initiator  in  tho 
ahoek  nave,  I  -  Ssploaion  of  a  oiniature  oxploaive 
etuurgo,  plaood  on  the  interface,  under  the  action  of  the 
shock  nave;  2  -  proportion  of  detonation  through  a  shock- 
coa^resaed  explosive  along  the  interface;  3  *  luadnoseence 
of  norsal  detonation. 


Pig.  17.  Diagram  of  the  propagation 
of  ultrafast  detonation  of  an  eaplo- 
slve  »ith  its  aritificlal  excitation. 

1  -  Surface  of  the  boundary;  2  -  front 
of  the  initiating  shock  wave;  3  ■* 
fi^^nt  of  the  detonation  of  the  shock- 
cosipresscd  layer;  4  -  front  of  norsal 
detonation;  5  •  site  of  explosion  of 
the  stlniature  charge. 


In  concluding  the  analysis  of  the  ultrafast  phenoaenon  in 
nltrosKithane  »«  ulll  es^hasise  that  the  initiating  shock  viave 
creates  a  layer  of  denser  substance,  the  ignition  of  uhlch  causes 
the  independent  detonation  of  this  layer,  uhlch  then  transfers 
to  the  ^ donation  of  the  unexcited  liquid  explosive.  The  formtion 
of  the  ultrarast  detonation  cooplex,  corresponding  to  the  hydro- 
dynaaio  teodel,  takes  place  behind  the  front  of  the  initiating 
shock  tfavo;  with  the  transition  to  the  uncoi!$3?eBsed  explosive 
this  ooeplex  is  only  restructured  in  oonfonsanee  with  the  other 
value  of  the  Initial  density. 
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2.  The  stuJy  of  nitroglycerine,  dlnitroglyoerlne  and 
(,«traftltrosiethane  has  shown,  that  all  those  BUbi^ances  on  the 
boundary  of  excitation  behave  aiallar  to  nitro^thane.  The 
threshold  pressures  differ  oonsldarsbly;  for  nitroglycerine  It 
is  120,000  atm,  and  for  tetranltroeethane  -  7O0OOO  atm. 

Nitroglycerine  and  dlnltrogiycerlne,  being  vlscoua  liquids, 
can  contain  in  the  suspended  state  air  bubbles ,  water  drops  and 
other  contaolnants .  This  circussstanae,  according  to  Cajnpbell's 
observations  [60 j  for  nltromethane,  can  qualitatively  distort 
the  picture  of  the  formation  of  detonation  as  a  result  of 
premature  ignition  of  the  explosive  at  the  sites  of  interaction 
of  the  shock  wave  with  these  inclusions.  It  was  noted  that  for 
nonhoBogeneltles  of  the  Initial  structure  there  exists  a  certain 
critical  dimension  (0,3  an),  above  which  premature  detonation 
takes  place.  In  the  case  of  nitroglycerine  there  was  actually 
detected  a  certain  peculiarity,  consisting  in  the  emergence  of 
a  weak  luminescence  -  "aureole"  (Pig.  II)  with  the  departure  of 
the  shock  wave,  which  is  maintained  rl^t  up  to  the  onset  of 
detonation.  This  luminescence  is  also  observed  in  a  shock  wave 
with  an  amplitude,  insufficient  for  the  excitation  of  detonation. 
It  may  be  distinguished  that  it  consists  of  a  multitude  of 
ignition  foci,  which  are  recorded  on  the  photoscanner  in  the 
form  of  thin  luminescence  bands. 

Additional  experiments  with  light  reflection  from  the 
boundEo:‘y  limit  have  shown  that  such  a  focal  ignition  does  not 
lead  to  noticeable  light  absorption,  from  which  the  conclusion 
can  be  drawn  that  tne  quantity  of  reacting  explosive  and  the 
corresponding  additional  heat  liberation  are  Inaigniricant. 

It  is  obvious  that  the  foci  have  dimensions  which  are  less  than 
critical.  Therefore,  nitroglycerine  also  possesses  properties 
of  a  homogeneous  liquid  explosive,  xuuiifested  in  the  formation 
of  ultrafast  detonation.  Direct  measurement  of  the  rate  of 
this  detonation  by  the  method  described  above  produces  for  it 
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k  value  of  10,2  kJB/B  iflth  a  preaaure  of  115,000  atm  in  the  shock 
wave.  The  deoaity  of  the  nitroglycerine  behind  the  shock  save 
is  2.3  g/ca*’.  Hence,  froa  approximate  estiaates,  the  pressure 
In  the  detonation  in  the  coapreased  2iitroglycerln«  must  be  higher 
than  500,000  ata.  Apparently,  this  is  the  awst  powerful  detonation 
of  those  encountered  In  the  axperlaent. 

In  all  the  observed  oases  the  luminescence  of  the  detonation 
of  a  shock-compressed  explosive  turned  out  to  bo  significantly 
weaker  In  coapariaon  with  the  luainescence  of  normal  detonation. 

Even  Khariton  [72]  pointed  that  with  an  increase  in  the  initial 
density  the  teaperature  of  the  products  of  detonation  must  fall, 
since  a  large  part  of  the  liberated  chemical  energy  is  here 
transferred  to  elastic  energy  of  the  products.  This  effect  is 
also  predicted  by  the  quantitative  calculations  on  the  basis  of 
the  equation  of  state  of  Landau-Stanyukovich  [733.  It  is  possible 
that  the  observed  phencsena  also  serves  as  experimental  confirmation 
of  these  ossux^tlons. 

For  an  answer  to  the  question,  in  what  manner  does  the 
formation  of  detonation  of  a  co^ressed  substance  under  the  effect 
of  a  thermal  explosion  take  place,  it  is  necessary  primarily 
to  clarify  the  characteristics  of  the  thermal  explosion  behind 
the  shock  wave.  The  theory  of  a  thermal  explosion  ordinarily 
operates  with  quantitative  characteristics  of  the  process  in  the 
state  of  pre-explosion  heating.  A  calculation  of  the  parameters 
In  the  process  of  the  explosion  Itself  is  practically  inadmissible, 
especially,  as  a  result  of  the  indeterminacy  of  the  activation 
energy,  the  specific  heat  value,  the  form  of  the  equation  of 
state  of  the  condonsad  medium,  etc.  There  is  no  need  of  such 
calculations  in  the  majority  of  practical  cases,  since  the 
time  of  the  explosion  itself  turns  out  to  be  immeasurably  less 
relative  to  the  time  of  the  induction  period. 


^5 


For  the  process  of  heat  liberation  behind  the  shock  wave 
very  short  tlaes  are  eharacterlatlc  -  mllllontha  of  a  second. 

Under  such  conditions,  when  the  problem  of  the  Haltingly  asall 
timaa  for  the  occurrence  of  the  chemical  reaction  becomes  acute, 
the  exploaion  time  "proper"  may  be  of  the  same  order  with  the 
time  of  the  Induction  period.  It  turns  out  that  certain  pecularltles 
of  heat  liberation  under  such  conditions  can  be  described  by  the 
very  simple  theory  of  adiabatic  nonstationary  thermal  explosion. 

In  producing  the  concept  of  a  "degenerated"  thermal  explosion 

CT^*,  7'5]. 

The  physical  concept  of  "degeneration"  consists  in  the  fact 
that  at  the  high  Initial  speed  of  the  chemical  reaction  thcj^  occurs 
the  effect  of  "burn  out"  of  the  substance,  since  up  to  the  aomont 
of  the  explosion  a  considerable  part  of  the  substance  is  consumed, 
as  a  result  of  which  the  explosive  effect  becomes  weakened.  Bie 
achievement  of  such  conditions  is  characterized  by  two  parasetera 

and  (35) 

where  Tg  is  Lhe  Initial  temperaturej  E  Is  the  energy  of  activation; 

R  is  the  gas  constant;  c  Is  the  specific  heat;  Q  is  the  heat 
content . 

When  Y  «  1  and  R  <<  1  the  thermal  explosion  Is  normal  with 
Introduction  period  much  greater  than  the  time  of  explosion  itself. 
If  those  conditions  are  not  fulfilled,  then  the  thermal 
explosion  la  degenerated.  In  this  case  it  is  difficult  to  speak 
of  the  Induction  period  and  of  the  time  of  thfc  explosion  itself, 
since  the  occurence  of  the  reaction  in  tlae  does  not  possess  the 
sharply  expressed  effect  of  self-acceleration,  leading  to  the 
explosive  liberation  of  energy  with  a  delay.  A  rouj^  estimate  of 
the  paraaeters  6  and  y  for  th<'  conditions  of  shock  Initiation  in 
nitrooethane  (pressure  80,000  atm,  Tg  ^  lODO^K  [6o],  c  ■  0.3 
cal/g‘deg,  E  2.  50  kcal,  Q  ^  kcal/g)  produces  y  «  0.012  and 
B  •  O.Oil. 
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Since  iov  a  normal  explosion  the  values  of  y  and  S  comprise 
0.01-0.001  [75],  from  the  estimates  Introduced  it  follows  that 
under  conditions  of  shock  initiation  of  nltromethane  the  kinetics 
of  the  heat  liberation  we  close  to  degeneration.  The  thermal 
explosion  under  actual  conditions  Js  accompanied  by  the  expansion 
of  the  reaction  product  In  the  explosion  stage  of  the  process, 
which  oust  lead  to  deviation  from  the  adlacatlc  scheme  of  calcula¬ 
tion  to  the  side  of  still  greater  "degeneration.*' 

It  la  obvious  that  with  a  certain  degree  of  degeneration  in 
the  shook  wjve  the  hydrodynamic  effect  of  the  explosion  behind 
its  front  can  be  weakened  so  much  that  a  smooth  pressure  rise 
will  not  lead  to  the  formation  of  detonation  of  the  shock-compressed 
substance  in  the  region  between  the  shock  front  and  the  zone  of 
seif  Ignition. 

Depending  on  the  degree  of  degeneration  one  should  apparently 
anticipate  a  certain  connection  between  the  time  of  the  thermal 
explosion,  which  ocoura  with  a  certain  delay,  and  the  time  of 
formation  of  detonation  of  the  shock-compressed  substance.  These 
times  in  turn  determine  the  size  of  the  area  at  the  section 
boundaries,  whM'c  this  transition  process  takes  place. 

A  detailed  picture  of  tne  formation  of  the  ultrafast  detona¬ 
tion  cannot  be  observed  In  an  experiment.  However,  in  experiments 
with  the  reflection  of  light  In  nltromethane  [70]  It  was  discovered 
that  the  light  reflecticn  from  the  boundary  limit  disappears 
shortly  before  the  occurrence  of  the  luminescence  of  the  ultrafast 
wave.  In  analogous  phenomenon  is  observed  In  nitroglycerine 
(?ig.  III). 

Apparently,  the  loss  of  transparency  of  the  liquid  Is  caused 
oy  the  start  of  the  violent  chemical  reaction  In  the  Initial 
stageb  of  the  developing  thermal  explosion.  The  time  interval 
from  the  start  of  darkening  of  the  substance  to  the  emergence  of 
luminescence  o.  the  second  wave  corresponds  tc  the  time  of  Its 
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formation  under  the  affect  of  the  thermal  explosion.  This 
phenomenon,  testifying  to  the  noticeable  degree  of  degeneration 
of  heat  liberation  behind  the  shock  wave,  is  especially  well 
expressed  in  tetranltpcssethane.  It  was  established  that  with 
slight  initiation  delays  in  tetranltromethane  there  is  generally 
observed  the  formation  of  preluainescence,  corresponding  to  the 
second  wave  (Fig.  l8).  Experlaents  wltn  the  reflection  of  light 
indicate  that  the  shock  wave  la  nontransparent  immediately  after 
it  pasaeo  Into  the  substance  (Pig.  IV).  At  lower  pressures  and 
with  significantly  greater  initiation  delays  the  detonation  of 
shock-conqaresoed  nitroaethane  la  observed,  but  the  duration  of  its 
luminescence  li.  small,  since  It  is  formed  at  a  significant 
distance  from  the  boundary  limit,  and  its  travel  time  to  the 
front  is  small. 


Fig,  l8.  Pbotoscan  of  the  luminescence 
during  initiation  of  tetranltromethane. 

1  -  Konent  of  entrance  of  the  shock  wave 
Into  the  nltronethane j  2  -  moment  of 
formation  of  detonation  in  unperturbed 
liquid  (lualnescence  of  the  second  wave 
In  absent ) ;  3  -  luminescence  of  normal 
detonation. 
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Pig.  19.  Chaiken’s  space-time  diagram  with 
calculation  of  the  final  tine  of  thermal 
explosion  on  the  boundary  surface. 

1  -  Propagation  of  the  Initiating  shock 
wa7e;  2  -  movement  of  the  boundary  surface; 

3  *  propagation  of  detonation  of  a  shook- 
ooapresaed  explosive  according  to  the  data 
of  direct  measurement  of  its  speed;  4  - 
region  of  formation  of  detonation  of  s 
shock-compressed  substance  under  the  effect 
of  an  adiabatic  thermal  explosion  on  the 
liquid  explosive  -  Inert  boundary  interface; 
5  -  Bovement  of  a  thin  foil  placed  a  certain 
distance  from  the  boundary  surface. 


A  good  Illustration  of  the  presence  of  a  region  of  formation 
of  a  second  wave  under  the  effect  of  the  thermal  explosion  Is 
the  divergence  of  the  directly  measured  ultrafast  speeds  with  the 
calculation  results  according  to  Chaiken's  scheme.  Apparently, 
the  method  of  end  photoncanning  can  give  correct  information 
for  the  calculation  of  the  speed  of  the  second  wave,  If  we 
exclude  from  the  observations  the  region  of  formation  of  detonation 
of  the  coBq)raa8ed  substance.  This  is  being  successfully  achieved 
by  placing  bans  of  thin  nontransparent  foil  a  certain  distance 
from  the  boundary  limit  (Pig.  19).  Photoscanning  of  the  process 
from  the  end  of  the  charge  is  shown  In  Pig.  v.  Prom  the  known 
distance  of  the  foil  from  the  boundary  and  the  time  of  passage 
of  the  second  wave  from  the  foil  to  the  shock  front  It  Is  not 
difficult  to  calculate  the  speed  of  the  second  wave.  The  result 
coincides  with  the  direct  measurements  shown  above. 

'flic  formation  of  detonation  of  a  compressed  substance  behind 
the  shock  wave,  os  follows  from  the  conducted  experiments,  must 
occur  in  those  shock  waves.  In  which  there  is  "normal"  Kinetics 
of  heat  liberation.  With  given  equations  of  state  of  the  liquid 
explosives  and  Intensity  of  the  shock  wave  from  the  active  charge, 
which  detorsine  the  value  of  the  Initial  temperature  behind  the 
shook  front,  the  possibility  of  the  formation  of  ultrafast  speed 
will  be  reduced  with  the  reduction  of  the  heat  content  of  the 
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.•xpiosive  \ f oX’  exaxnple,  with  Its  dilution  by  an  inert  solvent 
’..itb  sinilai'  dynaxuic  properties).  The  appxroach  to  the  degenerate 
;.a3e  occax'3  as  a  result  of  the  increase  In  the  parameter  Y* 

The  Lwue  thing  must  take  place  with  a  significant  increase  in 
lf;e  aKifiiiuue  of  the  shock  wave  (Increase  in  3  and  y  as  a  result 
of  thr:  increase  In  T^). 

A:,  uitr-afast  wave  may  also  be  absent  in  the  case  where  the 
reaction  oenlnd  the  shock  wave  is  complex  and  the  .-hal  stage 
of  Lae  process  of  heat  liberation  la  for  some  reason  drawn  out. 

Trie  achli-vement  of  such  conditions  with  the  aid  of  the  above-cited 
qualitative  considerations  is  natuirally  difficult  to  foresee. 

The  oetaLled  mechanism  of  the  formation  of  detonation  of  a  shock- 
conipre..o-;d  substance  under  the  effect  of  thermal  explosion  requires 
adaltior.al  investigation. 

3.  Prom  the  foregoing  experiments  it  was  observed  that  for 
each  liquid  explosive  in  the  formulation  of  the  experiments,  shown 
In  Pig.  ,,  there  exists  a  certain  pressure  amplitude,  lower  than 
which  detonation  does  not  take  place.  Of  interest  is  the  clarifica¬ 
tion  of  tne  problem  of  how  the  limiting  amplitude  of  the  initiating 
shock  wave  Is  determined.  If  the  shock  wave  is  rectilinear 
(of  infinite  length),  then  on  the  assumption  of  the  formal 
corresponaencfc  of  the  speed  of  the  chemical  reaction  to  Arrhenius’ 
law  wll.h  any  amplitude  of  the  parameters  of  the  Initiating  shock 
wave  Ignition  must  take  place.  The  single  limitation  here  may  be 
unly  tlif  o.’-esence  of  such  enormous  delay  times  inadmissible  for 
the  teci.iulogy  of  shock  initiation,  during  which  the  phenomena  of 
thermal  conductivity  can  occur. 

Under  actual  conditions  it  must  always  be  a  question  of 
shock  wave  parameters  falling  in  time.  The  speed  of  this  fall 
Is  determined  basically  by  the  characteristic  dispersion  tlw 
of  the  px’oducts  of  the  explosion  of  the  active  charge,  which  is 
proportional  to  Its  linear  dimension.  The  amplitude  of  the 
parameters  Is  determined  by  the  pressure  in  the  products  on  the 
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detonation  front  and  by  the  equation  of  state  of  the  loaded 
substance. 

Thus,  the  limiting  conditions  for  initiation  of  detonation 
are  reduced  to  the  problem  of  the  adiabatic  thermal  explosion 
under  conditions  of  the  themperature  falling  in  time  with  Its 
fixed  initial  value.  If  the  thermal  explosion  on  the  Interface 
takes  place,  then  detonation  arises,  and  If  it  does  not  occur, 
then  the  substance  does  not  detonate.  With  a  strong  degree 
of  degeneration  of  heat  liberation  behind  the  shock  wave,  when 
an  ultrafast  wave  after  Ignition  ic  not  formed,  this  criterion 
Is  unacceptable.  However,  as  the  experiment  shows  with  the 
ordinary  setup  of  experiments  on  shock  Initiation  (see  Pig.  9), 
within  the  boundary  conditions  of  ..citation  the  detonation  of 
the  compressed  substance  always  takes  place. 

Since  the  the  dependence  of  the  delay  of  the  appearance  of 
detonation  on  the  temperature  In  liquid  explosives  Is  very 
strong  [60],  it  is  clear  from  physical  considerations  that  at 
any  value  of  the  Initial  temperature  one  may  find  such  a  rate 
of  temperature  drop  with  time  that  at  any  moment  in  time  the 
delay  of  the  explosion  will  exceed  the  substance's  "own  lifetime" 
in  the  shock-con^iressed  state.  This  case  corresponds  to  the 
separation  of  the  thermal  explosion,  which  under  such  conditions 
generally  does  not  take  place.  More  precisely  the  separation 
condition  may  be  characterized  thus:  the  separation  of  ignition 
takes  place,  if  the  rate  of  fall  of  the  parameters  of  the  shock 
wave  as  a  result  of  the  rarefaction  wave  from  the  side  of  the 
active  charge  is  sufficient  for  the  cooling  arising  in  the 
process  of  adlaba.._c  expansion  of  the  compressed  substance  to  be 
able  to  completely  compensate  for  the  seif-heating  of  the  medium 
as  a  result  of  the  chemical  reaction. 
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This  coneideretion  can  also  be  illustrated  by  a  rough 
(.alculation.  The  induction  period  t  la  proportional  to  exp  (E/RT). 
Hence 

^  S.  it 
T“-WT-' 

Let  us  aaaume  that  the  temperature  In  the  shock  wave  falls  accord¬ 
ing  to  tne  exponential  law 

r  “  tfisf 

where  a  is  a  constant,  deterralhlng  the  rate  of  fall  of  the 
temperature  in  the  shock  wave  from  its  initial  value  T^,  and  t  la 
time. 


The  condition  of  separation  of  ignition  have  the  following 
form:  di/dt  >  1.  Prom  a  comparison  of  all  these  equations  the 
conaltions  of  separation  may  be  represented  as 

s  ^  "I* tomt  • •  Mp  {— . 

Hence  it  is  clear  that  with  large  -  and  correspondingly  small  T 
separation  Is  achieved  with  a  lower  rate  of  fall  of  the  temperature 
in  time. 

With  the  given  geometry  of  the  active  system,  determining  the 
rate  of  fall  of  parameters  of  the  initiating  shock  wave  in  tine, 
there  exists  a  certain  value  of  the  amplitude  of  these  parameters, 
below  whlcli  separation  takes  place.  This  effect  also  determlnen 
the  threshoia  of  sensitivity  of  the  liquid  explosive  to  shock 
initiation.  With  an  increase  in  the  parameters  of  the  active 
charge  the  amplitude  of  the  limiting  pressure.  Initiating  detonation 
in  the  liquid  explosive,  must  be  reduced  (and  the  maximum  possible 
delay  of  initiation  la  increased).  It  is  important  to  note  that 
In  determin'.  Mg  the  separation  conditions  an  initial  chemical 
reaction  rat?  is  generally  figured,  which  is  determined  by  the 
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t««p«r^tupe  of  tht  Bbock  c(»qpr«8Blon  and  by  the  value  of  the 
aotlvotlon  energy.  The  heat  content  of  the  substance  In  the 
expresBlon  for  the  induction  period  is  a  secondary  tern  [7*Jj. 
ISierefore,  the  sensitivity  of  the  liquid  explosive  to  shock 
initiation  must  be  practically  independent  of  the  value  of  its 
heat  content.  The  phenomenon  of  reaction  separation  during 
shock  Initiation  not  only  determines  the  sensitivity  limit  of 
the  explosive  to  shock  initiation;  it  is  also  manlfei^ted  In  the 
picture  of  the  formation  of  detonation  above  the  limit. 

Under  actual  conditions  tne  initiating  shock  wave,  as  a  result 
of  the  effect  of  lateral  rarefaction  waves  on  the  detonation  of 
the  active  charge,  is  somewhat  convex.  The  attenuation  of  the 
front  along  the  periphery  of  the  charge  occurs  more  quickly. 
Therefore,  more  favorable  conditions  for  ignition  are  created 
along  the  axis  of  the  charge.  In  proportion  to  the  distance 
from  the  center  of  the  charge  in  a  radial  direction  delays  in 
ignition  increase,  while  in  the  peripheral  segments  combustion 
undergoes  separation.  As  a  result  of  this  the  nonaxlal  segments 
of  the  shock-compressed  substance  on  the  interface  do  not 
explode  independently,  rather  they  detonate  under  the  effect 
of  the  ultrafast  wave  coming  from  the  center. 

Combustion  behind  the  shock  wave  is  a  necessary,  but 
insufficient  condition  for  the  excitation  of  detonation.  If 
the  heat  content  of  the  llqulu  explosive  is  so  small  that  the 
pressure  in  the  products  of  normal  detonation  turns  out  to  be 
less  theui  tne  limiting  pressure  in  the  shock  wave,  still  capable 
of  causing  combustion,  stationary  detonation  under  the  effect 
of  detonation  of  the  shock-compressed  substance  does  not 
take  place.  This  was  experimentally  discovered  In  mixtures  of 
nitx>o»ethane  with  acetone,  having  a  pulsating  detonation  front. 

An  explanation  of  this  effect  requires  the  introduction  of 
specific  information  on  the  structure  of  the  pulsating  detonation 
front  and  will  be  given  below. 
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Also  of  interest  is  the  question  as  to  under  what  conditions 
vJlil  the  shock  wave  with  the  ignition  and  with  subsequent 
detonation  of  the  compressed  substance  ensure  the  creation  of 
stationary  detonation,  having  a  one-diroensional  zone  of  cheadcal 
reaction.  Such  a  formulatl'>n  of  the  probleili  is  naturally 
somewhat  abstract,  since  the  conditions  of  ^xlstenoe  have  until 
now  not  been  investigated  under  the  actual  donditlons  of  a  one¬ 
dimensional  detonation  wave.  In  spite  of  th|e  cited  Indetermlnancy , 
it  is  apparent  that  for  sufficiently  powerful  explosives 
Inflammation  of  the  substance  behind  the  shofck  wave  is  a  necessary 
and  sufficient  condition  for  the  formation  of  detonation. 

Summarising  the  results  on  shock  initiation,  one  must  note 
the  following.  An  examination  of  the  nonstationary  Interaction 
of  tl.e  front  of  a  flat  shock  wave  with  the  region  of  inflammation 
is  the  classical  object  of  theoretical  research,  in  the  stationary 
versijjr.  sucn  a  complex  coincides,  with  Zel'dovlch 'a  model  for  the 
front  of  a  detonation  wave.  Under  nonstationary  conditions  new 
phenomena  have  been  discovered  experimentally :  the  possibility 
of  the  formation  of  Independent  detonation  of  the  shock-compressed 
medium,  the  tendency  of  combustion  behind  the  shock  wave  to  the 
separation  effect,  the  possibility  of  degenerated  regimes  of 
heat  liberation  in  the  shock  wave.  It  is  to  be  expected  that  these 
phenomena  greatly  determine  the  variety  of  the  nonstationary 
processes  on  the  front  of  a  stationary  detonation  wave. 

S  2.  Initiation  of  Solid  Explosives 

Solid  explosives  (bulk,  pressed,  poured)  in  the  majority 
of  cases  have  significantly  greater  detonation  sensitivity  in 
comparison  with  homogeneous  liquid  explosives.  The  pressure 
In  the  shock  wave,  initiating  the  detonation,  in  a  number  of 
systems  does  not  exceed  10,000  atm.  Under  such  pressures  the 
shock  heating  of  the  particles  is  insufficient  to  create  conditicns 
for  quick  occurrence  of  the  reaction  within  the  particles  [593. 


It  is  obvious  that  th«  hl^  8«n®ltlvlty  of  porous  solid  explosives 
is  a  direct  conseijuonce  of  the  nonhonogenelty  of  the  Initial 
physical-mechanical  structure.  For  example,  trotyl,  the  chemical 
properties  of  which  ar«  maintained  with  the  change  in  its 
aggregate  state,  is  such  more  sensitive  to  a  shock  wave  in  the 
pressed  form  in  conqparison  with  a  cast  or  molten  form  with 
identical  initial  density.  Therefore,  it  Is  assumed  that  a 
decisive  role  in  heat  liberation  behind  the  Initiating  shock  wave 
in  bulk  and  pressed  charges  is  played  by  the  focal  mechanism 
of  occurrence  of  tne  chemical  reaction. 

A  shock  wave,  passing  through  the  explosive  with  a  certain 
initial  structure,  creates  regions  of  local  heating,  in  which 
ignition  takes  place.  An  additional  pressure  rise  in  the  medium 
because  of  gas  liberation  at  the  foci  increase  the  amplitude  of 
the  shock  wave,  which  in  turn  leads  to  a  further  Increase  in  the 
rate  of  heat  liberation  behind  the  front.  To  this  time  there 
is  no  one  viewpoint  on  the  mechanism  of  formation  of  reactlor 
foci. 

In  works  [55*  59i  76]  an  Important  role  is  contributed  to 
adiabatic  heating  of  gas  inclusions,  which  can  Ign'te  the  surround¬ 
ing  substance.  The  streams  of  reaction  products,  which  are  capable 
of  penetrating  into  an  uncompressed  medium  and  '  f  creating  ignition 
foci  during  deceleration,  can  have  a  significant  effect.  Active 
centers  of  reaction  can  arise  also  because  of  the  Intense  friction 
and  the  plastic  flows  during  the  breakdown  of  the  initial  sti'ucture 
of  the  substance  by  the  shock  wave  [77].  Moreover,  local  heating 
must  be  created  because  of  the  microcumulatlve  effects  during 
a  sudden  closing  of  the  pores  in  the  front  of  the  shock  wave, 
because  of  the  radlatlonal  heating  of  the  thin  layers  of  explosive 
by  the  radiation  of  an  incandescent  gas  bubble  [78],  etc. 


The  propag|Atlon  of  reaction  from  the  focus  to  the  surrounding 
medium  may  occur  In  two  ways:  through  the  additional  shock 
heating  under  the  effect  of  a  focal  theraal  explosion  or  throu^ 
the  combustion  of  particles  fro»  the  surface.  For  detonation 
processes  short  times  are  characteristic,  and  wave  processes, 
it  would  appear,  have  high  probability.  In  work  [79]  for 
heterogeneoxw  Individual  explosives  there  was  shown  the  possibility 
of  a  hydrodynaadc  method  of  the  formation  and  effect  of 
"hot  spots.”  However,  In  doiaestlc  literature  until  the  present 
time  [55,  59]  preference  has  been  given  to  the  mechanism  of 
the  rapid  burning  of  particles  In  a  shock  wave  [72].  A  shock  wave, 
as  '-ill  be  shown  below,  can  crujoble  particles  through  micron  sites, 
which  In  principle  can  successfully  burn  for  short  periods  of  time. 
Moreover,  a  witness  of  the  fact  that  diffusion  processes  may 
participate  In  detonation  conversion  Is  the  detonation  of  mixed 
explosives . 

From  the  considerations  on  the  possible  mechanisms  of  formation 
of  ignition  foci  follows  the  conclusion  of  the  special  role  of 
the  front  of  a  shock  wave  for  heat  liberation  in  a  porous 
explosive.  In  homogeneous  systems  the  region  of  Ignition  behind 
the  shock  wave  significantly  exceeds  the  width  of  the  front  Itself, 
which  has  an  order  of  several  angstroms  [80],  In  powders  the 
characteristic  times  of  crumbling  and  packir.i:  of  the  substance  In 
the  front  may  turn  out  to  be  of  the  same  order  as  the  times  of 
ignition  at  the  foci. 

If  the  heat  liberation  In  a  wave,  after  the  Inflasaeation 
of  the  foci  at  the  front,  takes  place  as  a  result  of  shock 
perturbations,  then  the  main  part  of  the  energy  will  be  liberated 
in  the  dii'ect  vicinity  of  the  front  right  up  to  the  limiting 
pressures  of  the  initiating  shock  wave.  According  to  another 
mechanism  the  heat  liberation  should  have  a  smoother  character 
as  a  result  of  the  gradual  burning  out  of  the  substance  from  the 
foci,  formed  at  the  front. 
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In  proportion  to  the  propagation  of  the  shock  wave  in  a 
powder  ©aploslve  the  dynaaic  paraaeters  at  It's  front  vary 
within  wide  limlta  froa  the  initial  pressure  to  values,  correspond¬ 
ing  to  a  detonation  front.  Here  the  substitution  of  the  mechanls.  _ 
of  foncatlon  of  ”hot  spots"  Is  pemlsslble,  since  with  the 
increase  in  parameters  an  ever  greater  role  will  be  played  by 
hoiDOgeneous  shock  heating.  The  reaction  times  on  the  front  of 
a  shock  wave,  which  has  a  speed  close  to  the  speed  of  stationary 
detonation,  becomes  so  small,  that  particularly  streneoua  require¬ 
ments  are  imposed  on  the  mechan.  sm  of  transfer  of  energy  from  the 
foci  by  the  heat  conductivity  and  diffusion. 

The  literature  contains  almost  no  direct  experimental  data 
on  the  nature  of  focal  heat  liberation  in  a  shock  wave.  To  the 
present,  however,  rather  a  large  amount  of  information  has  been 
collected  on  the  macroscopic  picture  of  the  formation  of 
detonation  from  a  shock  wave.  In  work  [81]  in  experiments  using 
a  photorecorder,  and  also  with  the  aid  of  ionization  sensors 
It  was  established  that  In  solid  explosives  the  initiating  shock 
wave  after  its  passage  into  the  substance  begins  to  Increase  Its 
speed,  The  gradual  rise  In  speed  Is  accomplished  by  the  smooth 
transition  to  detonation.  Prom  this  fact,  that  a  sbjck  wave  Is 
accelerated  from  its  very  start  in  contrast  to  1  ^uid  explosives, 
the  authors  of  work  [8l]  concluded  that  In  solid  explosives  the 
reaction  begins  in  the  direct  vicinity  of  the  front  cf  the  shock 
wave  in  the  defects  and  nonhomogeneities  of  the  explosive. 

Significantly  more  information  on  the  structur-i  of  the 
hydrodynamic  flows  during  acceleration  of  a  shock  wave  is  produced 
by  observation  of  the  profile  of  the  mass  velocity  by  the 
electrooagnetlo  method.  Experiments  [82-84]  detected  a  great  variety 
In  the  picture  of  the  flow  behind  the  shock  wave  for  charges 
mad#  froa  trotyl  of  various  structures  (Pig.  20).  Similar 
cxperlmento  were  conducted  with  hexogene,  tetranltromethylaniline 
and  pentaerythrltol  tetranltrate.  These  experiments  allow  us 
to  draw  the  important  conclusion  that  the  qualitative  picture 
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tf  tat  Iranafer  of  the  shock  Kive  to  detonation  Is  unequivocally 
determined  by  the  physical-mechanical  structure  of  the  substance. 

For  bulk  explosives  the  presence  of  a  falling  pressure  profile 
behind  tne  front  of  the  shock  wave  is  characteristic,  while  the 
amplitude  of  the  front  rises  continuously  and  relatively  quickly. 

Ill  a  pressed  explosive  In  proportion  to  the  development  of  the 
procesa  behind  the  front  of  the  wave  there  arises  an  additional 
increase  in  the  c^ss  velocity,  testifying  to  the  pressure  rise 
at  a  certain  distance  behind  the  front.  Such  a  character  of 
focal  heat  liberation  In  a  pressed  explosive  can  create  the 
effect  of  overocrapression  of  detonation  at  the  moment  of  its 
formation  similar  to  the  case  examined  above  with  the  formation 
of  detonation  in  tetranltromethane  (see  Pig.  l8).  toe  can  assume 
that  such  a  phenomenon  took  place  in  the  experiments  of  Jacob  [77]. 
The  picture  of  the  transition  process  in  poured  trotyl  was 
characterized  by  the  constancy  of  the  aeos  velocity  in  the  vicinity 
of  the  front  of  the  shock  wave  in  the  initial  stages  of  its 
development  up  to  detonation. 

The  chairacter  of  the  mass  velocity  profiles  behind  the  front 
of  a  shock  wave  were  substances  different  In  their  initial  physical 
structure  in  the  region  directly  preceding  the  formation  of 
detonation  becomes  Identical.  In  this  region  there  is  noted  a 
sharp  rise  in  the  parameters  at  the  front.  Figure  21  shows 
graphs  of  the  change  in  pressure  on  the  front  of  the  shock  waves 
for  trotyl,  obtained  on  the  bases  of  measurements  of  wave  and  mass 
velocities  in  the  depth  cf  the  charge.  In  the  region  of  rapid 
increase  of  the  parameters  at  the  front  in  all  systems  In  the 
oscillcgraras  of  mass  velocity  (see  Pig.  20)  there  is  observed 
a  drop  in  the  mass  velocity  directly  behind  the  front  of  the 
shc.k  wavr.  The  occurrence  of  a  peak  is  observed,  apparently 
a  chemical  peak  of  the  hydrodynamic  nwdel  of  normal  detonation. 

With  a  further  smooth  increase  in  the  parameters  of  the  initiating 
wave  right  up  to  values  corresponding  to  stationary  detonation  the 
form  of  the  profile  is  almost  unchanged.  The  paraiaetera  at  the 
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fPODt  of  the  shock  wave  reach  VAlues  corresponding  to  the 
paraBwters  on  tht  shook  front  of  noraal  detonation,  earlier  than 
the  reaction  zone  characteristic  for  normal  detonation  is  formed 


Fig,  20.  Oaclllograns  of  the  profile  of  the  flow  of 
substance  behind  the  front  of  the  Initiating  shock 
wave  in  trotyl  of  various  structures,  a  •  Cast 
snail-crystal  trotyl  (p^  ■  1.62  g/cm3);  b  -  pressed 

trotyl  (pq  •  1.59  g/cffl3)}  c  -  bulk  trotyl  (p^  »  1.0 

g/cm^),  grain  size  of  0.5  mm.  Numbers  under  the 
oscillograms  -  distance  of  the  sensor  from  the 
boundary  (in  cm) .  Distance  between  the  time  marks  on 
the  oscillograms  correspond  to  2  ps. 

(a) 


Pig.  21.  Pressure  at  the  front  of 
shock  waves,  causing  detonation  of 
pressed  (1),  cast  (2},  and  bulk  (3) 
trotyl  depending  on  the  distance 
traveled  by  the  waves,  KEY;  (a) 

P,  thousands  of  atmospheres. 
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In  the  literature  there  have  jaany  dlacuasiona  of  the  prohlen 
of  tne  possibility  of  the  emergence  of  retonation  waves  during 
L;.e  foi'matlon  of  detonation  in  solid  explosives.  In  particular, 
thtiso  Wives  were  observed  during  the  photorecoi^lng  of  the  lateral 
olspc-rston  of  reaction  products  In  the  region  of  the  initiating 
sncck  wave  [53,  5^].  However,  nuaerous  experiasnta  using  the 
electromagnetic  method  clarified  that  along  the  axis  of  the  charge 
no  retonation  waves  are  observed.  Rje  presence  of  a  retonation 
v/ave  should  have  been  sanifested  on  the  oaeillograss  of  the  mass 
velocity  in  the  form  of  a  sharp  mgatlve  signal.  At  the  same 
time  retonation  waves  are  actually  observed  with  optical  observation 
of  the  processes  of  transition  fro*  the  latei*al  surface  of  the 
charge  In  pressed  trotyl,  k  coaparlson  of  these  results  forces  us 
to  conclude  that  in  this  case  a  special  detonation  process  takes 
place  In  the  lateral  layers  of  the  charge,  tfubjeeted  to  the 
effect  vjf  the  lateral  rarefaction  wave.  It  Is  obvious  that  this 
phenomenon  has  no  direct  relationship  to  the  machanlam  of  initiation 
of  detonation  of  solid  explosives,  and  its  similarity  with  the 
mecnanlam  of  the  emergence  of  retonation  in  gas  media  during  the 
transition  of  coaisustion  to  detonation  has  no  basis. 

Observation  of  the  process  of  Initiation  of  detonation  by 
the  optical  method  In  a  solid  opaque  substance  from  a  lateral 
surface  of  the  charge  generally  cannot  be  a  sufficiently  reliable 
metnod  of  Investigation.  Thus,  for  exax^jle,  as  a  result  of  the 
lateral  loading  the  front  of  the  shock  wave  la  distorted.  After 
the  fcrmatlon  of  detonation  inside  the  charge  its  front  is  also 
convex.  When  this  wave  emerges  on  the  lateral  surface,  there  Is 
rec..rdeu  an  excess  in  the  rate  of  propagation  of  lualnescence  on 
tr.e  iaierai  surface,  which  could  mistakenly  be  taken  as  a  real 
exccoi  at  the  moment  of  forxatlon  of  dotonatJcn  [52,  5^]. 

Let  us  stop  briefly  on  the  liatlts  of  excitation  of  detonation 
of  solid  explosives  by  a  shook  wave.  An  important  peculiarity 
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of  tbe  excitation  of  detonation  in  solid  explosives  Is  the  fact 
that  the  distance,  at  which  the  shock  wave  becomes  detonation, 
can  be  very  significant,  right  up  to  several  diameters  of  the 
Initiated  charge.  Under  such  conditions  the  lateral  loading'  in 
this  charge  exerts  a  significant  influence  on  the  transltlor 
process  and  to  a  considerable  degree  masks  the  effect  of  the 
active  charge,  which  hes  a  decisive  effect  on  the  sensitivity 
of  liquid  explosives.  Hence  It  follows  that  the  length  of  the 
transition  region  at  the  Halt  of  excitation  can  depend  on  the 
diameter  of  the  passive  charge  and  the  presence  of  a  shell. 

A  characteristic  part  of  the  transition  processes  In  solid 
explosives  is  the  falling  profile  cf  the  mass  velocity  behind 
the  shock  wave  front,  the  velocity  of  which  Is  still  far  from 
the  velocity  of  normal  detonation.  This  testifies  to  the  fact 
that  heat  liberation  in  the  shock  wave  occurs  close  to  the  front 
and  is  not  complete. 

Thus,  If  for  liquid  explosives  the  criterion  of  transition 
of  a  shock  wave  into  detonation  Is  a  homogeneous  thermal 
exploslor.,  which  can  also  occur  with  a  shock  wave  attenuating 
In  aspiitude,  then  in  solid  nonhomogeneous  explosives  the  criterion 
for  the  formation  of  detonation  is  the  nonattenuation  of  the 
initiating  shock  wave.  This  condition  is  ensured  in  the  case 
where  the  pressure  rise  as  a  result  of  the  Vocal  heat  liberation 
behind  the  front  compensates  for  the  pressure  drop  as  a  result 
of  the  rarefaction  of  the  substance  behind  the  snock  front. 

With  a  given  physical-chemical  structure  of  the  charge  the  effect 
of  the  activity  of  the  foci  must  depend  on  the  heat  content  of 
the  explosive.  Therefore,  heat  content  Is  a  basic  parameter 
of  eenaltlvlty  of  solid  explosives  (In  contrast  to  liquid 
explosives),  namely,  the  greater  the  heat  conte.-’t  of  the  substance, 
the  higher  Its  sensitivity.  On  the  other  hand,  kinetic  properties, 
detornlno  the  sensitivity  of  liquid  explosives  (explosion  effects), 
during  focal  heat  liberation  deviate  to  a  second  plai  and  for  the 
sensitivity  of  nonhomogeneous  explosives  they  play  no  decisive 
role.  Th®  problem  of  the  connection  of  the  rate  of  focal  heat 
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literation  In  a  shock  wave  with  a  concrete  representation  of  the 
i.eohanism  of  the  foraatlon,  multiplication  and  dissolution  of  the 
"hot  spots”  must  be  the  subject  of  further  study. 


Aduiltting  the  results  to  the  consideration  of  the  problem 
of  shock  Initiation  of  detonation  In  condensed  explosives,  one 
juIu  conclude  that  in  phenomena  of  detonation  fonnatlon  in 
:i«;ii.o,_'eneou3  and  heterogeneous  explosives,  it  is  difficult  to 
find  general  traits,  which  would  produce  a  basis  for  the  construc¬ 
tion  of  a  single  theoretical  model  of  the  transition  processes. 
Therefore,  one  can  assume  as  unjustified  the  attempts  to  construct 
a  universal  one-dimensional  model  of  the  transition  of  a  shock 
wave  into  detonation  [65,  85-88],  in  which  both  results  -  the 
gradual  increase  in  the  speed  and  its  excess  -  can  be  obtained 
by  varying  the  formal  kinetics.  Such  a  formal  system  of 
geiik-rallzaclon  of  the  experimental  results  cannot  produce  solid 
physical  representations  of  the  phenomenon,  since  with  its  use 
one  cannot  take  into  account  the  effects  of  the  initial  structure 
of  the  substance  on  the  picture  of  the  transition,  nor  can  one 
foresee  the  possibility  of  incomplete  liberation  behind  the  shock 
front . 
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THE  MECHAJilSM  OF  THE  PROPASATIOH  OF 
DETOWATIOM  IN  LIflUlD  EXPLOSIVES 

The  process  of  liberation  of  chemical  energy  at  the  front  of 
a  detonation  wave  inhomogeneous  condensed  media  Is  a  most 
inexcesslble  region  for  experimental  Investigation.  In  particular, 
due  to  the  exclusive  smallness  of  the  times  of  detonation  conversion 
and  the  destruction  action  of  detonation  to  the  shell  many  of  the 
optical  metiiods  of  diagnostics  (schlleren  method,  photo  scanning 
of  the  occurrences  behind  the  front,  spectroscopic  measurement  of 
the  ten^)erature  profile  In  the  detonation  products  and  so  forth) 
are  inapplicable. 

O'ntll  recently  information  on  the  zone  of  chemical  reaction 
on  the  front  of  detonation  in  liquid  explosives  was  almost  completely 
lacking.  For  a  long  time  It  was  suggested  [23»  55,  59]  that  the 
reaction  mechanism  in  the  detonation  of  liquid  explosives  did  not 
differ  from  the  reaction  mechanis.m  in  gaseous  detonation  and 
corresponded  to  the  one-dlmenslonal  model  of  Zel’dovlch.  Such  a 
possibility  was  confirmed  by  calculations  of  shock  heating  In  a 
condensed  medium  [89].  In  conformance  with  this,  the  problem  of 
building  a  quantitative  theory  of  the  detonation  front  was  reduced 
to  the  clarification  of  the  kinetics  of  the  chemical  reactions  for 
complex  organic  mclecules  under  conditions  of  very  high  pressures, 
to  the  consideration  of  the  possibility  of  chai.ging  the  form  of  the 
equation  of  state  in  the  process  of  heat  liberation,  to  the 
calculation  of  the  distribution  of  liberated  chemical  energy  into 
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-.la.-ilc  and  thermal  portion,  and  to  an  analysis  of  the  regularities 
expansion  of  the  reacting  condensed  niedium  and  so  forth. 

■f:'’  "'.e  solution  of  these  problems  we  would  succeed  In  calculating 
.  .<■  :!“■  .iuri*  profile  in  the  zone  of  chemical  reaction. 

T.'ie  ui.  oovery  of  the  pulsating  nature  of  the  detonation  front 
:  .  ,  as  mixtures  far  from  the  boundary  [90,  91]  led  to  a  new 

•  ,!n'.  atli-n  of  tl.e  problem  of  the  mechanism  of  detonation  even  for 
a  ■..'•.-neoas  condensed  medium.  Notability,  since  with  the  simplest 
l‘;r  ■  kinetics  of  the  chemical  reaction  ignition  behind  the 
shock  ,ave  is  accompanied  by  coit^lex  nonstationary  processes,  the 
sr  .dv  f  these  hydrodynamic  phenomena  on  tne  front  of  the  wave 
acc:Ire  primary  importance,  inasmuch  as  it  is  precisely  they  that 
.  ■ ermine  the  structure  of  the  detonation  front  and  its  limits  of 
'  !  awation. 

Tfi'>  kinetic  problem  in  such  a  formulation  amounts  to  the 
Is  termination  of  the  possibility  of  the  existence  of  an  induction 
tr-rluc  for  ignition  behind  the  shock  front  and  to  the  calculation  of 
the  !oc-.-ndence  of  its  value  on  the  initial  temperature.  These  data 
h”-  'it  least  sufficient,  according  to  the  existing  theory  [^1,  ^2, 

to  answer  the  question,  whether  the  zcn*.  of  chemical  reaction 
.0  i  le  front  of  detonation  is  pulsating  or  one-dimensional. 

.'.r_  first  information  on  the  zone  of  chemical  reaction  in 
Ho  .  Id  cxplcslves  was  obtained  after  it  was  successful  in  greatly 
■■  /.u :  d'. r.g”  in  time  the  process  of  heat  liberation  on  the  front 
'  "'■  ir..-  ol  the  dilution  of  certain  liquid  explosives  with  an  inert 

.  I'.e  direct  recording  of  the  luminescence  of  the  front 

t .  < nd  of  a  transparent  charge  (Pig.  22)  successfully 

the  clearly  expressed  pulsaclng  character  of  the  zone 
of  icai  reaction  (Fig.  VI).  It  turned  out  that  the  pulsating 
..  t:-.  H  a.xo  observed  with  the  dllut...on  of  nitroglycerin  with 

aloohol,  glyceride  alcohol  nitrite  with  acetone  and  so  forth. 

/  ■  ;"r,’ ' 1.1,'  .similarity  was  noted  here  between  the  observed  picture 

f  M  ■■  ■  jtlons  on  uhe  front  with  the  phenomena  taking  place  in 
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gaseous  detonation  [91].  Hence  it  follows  that  the  specifics  of 
heat  liberation  In  a  condensed  medium  do  not  lead  to  significant 
pecalarlties  In  the  process  of  propagation  of  detonation,  and  the 
theory  of  the  phenomenon  for  liquid  explosives  and  gases  must  be 
common  for  both  to  a  significant  degree. 


Pig.  22.  Formulation  of  the 
experiment  for  observation 
of  luminescence  of  the 
detonation  front  In  a  liquid 
explosive.  1  -  mirror; 

2  -  liquid  explosive  In  a 
metal  tube;  3  -  plate  made 
from  plexiglass;  ^  -  explosive 
"lens,”  creating  a  flat  shock 
wave;  5  -  booster  charge; 

6  -  capsule. 

The  recording  of  the  transverse  pulsations  on  the  front  using 
head-on  photo  scanning  la  possible  only  close  to  the  limits  of 
detonation  propagatloHi  in  mixtures  with  relatively  low  heat  content. 
With  the  enrichment  (an  increase  In  the  heat  content)  of  the  mixture 
the  size  of  the  Inhomogenelties,  l.e.,  the  characteristic  size  of 
the  grid  on  the  photo  scan  of  the  luminescence  of  the  detonation 
front,  is  abruptly  reduced  and  In  mixtures,  far  from  the  limit, 
becomes  unsolvable  photochronographically .  Tn  connection  with  this, 
doubts  may  arise  or  the  existence  of  a  pulsating  zone  of  detonation 
far  from  the  limits.  It  can  also  be  assumed  that  transverse 
perturbations  on  the  front  arise  during  shock  initiation  as  a 
result  of  the  roughness  of  the  Initiating  shock  wave,  created  by 
the  active  charge  through  the  Inert  boundary  with  an  Insufficiently 
polished  surface. 

The  experiment  with  light  reflection  gives  an  unambiguous 
answer  to  both  probleiM.  The  presence  of  trar  sverse  perturbat  lone 
on  the  front  of  detonation  must  lead  to  roughness  of  the  surface  of 
the  leading  shock  front  of  detonation.  Llglit  reflection  from  such 
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■1  ”  surface  must  bear  a  nonregular  character  In  contrast  to 

'!  •  r-^^-gular  light  reflection  from  an  inert  shock  wave,  which  leds 
I  "ilrrm’  reflection  of  the  aperture  of  the  light  source  on  its 
.-f  j,-  rCb],  The  irregular  character  of  the  reflection  is 
es*  ?d  in  the  blurring  of  the  edges  of  the  "Inage"  of  the 
ip.if.ure  of  the  exrlosive  ll^t  source. 

I.-  result  of  the  experlinent  with  light  reflection  in 
nitromethane  is  shown  in  Pig.  VII.  The  scheme  of 
conducting  the  experiment  was  given  In  Pig.  13-  Detonation  under 
the  conditions  of  this  experiment  was  propagated  far  from  the  limits 
size  of  the  charge  was  naich  greater  than  the  limit),  but  the 
1:!, of  the  aperture  of  the  light  source,  taken  in  the  form  of  a 
.  !  ’  ,  wa;j  obtained  blurred  on  its  front,  which  bears  witness  to  the 
r  '.--ro  of  the  detonation  front.  At  the  same  time  the  initiating 
.'.ave  reflects  light  regularly  and,  consequently,  io  smooth. 
D.-'rofcre,  the  method  of  Inltlati  'n  is  not  the  reason  for  the 
■•r^c:vii;ce  of  a  pulsating  detonation  front.  It  is  interesting  to 
li'.at  the  pulsating  rough  detonation  wave  is  formed  from  a 
.mo't  .  .li.iating  shock  wave  practically  Instar.taneous  without  the 
paj.'lr.r  over  of  detonation  which  is  overcompressed  at  the  Initial 
moment  to  a  regime  of  a  stationary  one-dlmenolonal  wave  with  the 
sui  se^iuuit  restructuring  of  the  ono-dlmenslonal  "classical"  complex 
:  pulsating  zone  of  chemical  reaction.  Conversely,  one  would 

have  to  observe  a  change  in  the  regular  reflection  of  light  to  a 
nonrcr'ii ar  even  under  conditions  of  normal  propagation.  A  similar 
fi  ■  r  ■  !.tii  is  observed  in  weak  mixtures  (see  Pig.  VI),  in  which  the 
'-v'l.  V.  pulsations  are  directly  ob8ervzU)le  on  the  head-on  photo 
OiM.  proDortlon  to  the  transition  from  overcompression  the 
.  'he  inhomogencltles  is  increased  up  to  a  value  which 

ccr;v;:  -t  is  to  normal  detonation. 

tne  transverse  pulsftlons  on  the  detonation  front  in 
liquid  explosives  are  always  generated  in  an  overcompressed  regime, 
it  j-  cb  '  1.-.  that  the  application  of  Shchelkin’s  theory  [90]  on  the 

nt;'-  ari'  •  ■'  '  he  formation  of  pulsations  from  a  one-dlmcnslonal 
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stationai7  Zel’dovlch  complex  1b  In  this  case  impossible,  at  least 
without  adiitlonal  substantiation.  The  formation  of  a  pulsating 
zone  In  a  nonstationary  process  (the  emergence  of  a  wave  from  over- 
ccmpresslon)  leads  to  the  conclusion  that  the  analysis  of  the 
problem  should  be  based' on  experiments  on  the  observation  of  the 
nonstationary  Interaction  of  a  flat  shock  wave  with  the  ignition 
zone,  a  particular  Instance  of  which  Is  the  occurrence  of  shock 
initiation  of  detonation. 

The  basic  questions  in  examining  the  mechanism  of  detonation 
of  liquid  explosives  are  the  following: 

1.  What  kind  of  mechanism  exist  for  the  formation  of  the 
pulsating  zone? 

2.  Does  their  exist  In  homogeneous  condensed  media  a  stationary 
detonation  wave  with  a  smooth  shock  front? 

3.  Which  processes  in  the  pulsating  zone  accomplish  complete 
heat  liberation? 

4.  To  what  do  the  pulsations  lead:  to  an  increase  in  the 
to*-al  time  of  heat  liberation  on  the  front  or  to  its  decrease? 

5.  Do  the  pulsations  on  the  detonation  front  amount  to  a 
"thin  structure"  of  a  one-dlmenslonal  detonation  complex? 

6.  Which  phenomena  in  •  pulsating  front  determine  the 
nonstationary  restructuring  of  the  wave  (emergence  from  over 
compression,  spherical  detonation  etc)? 

7.  What  is  the  nature  of  the  limits  of  propagation  of  a 
pulsating  detonatio'.  wave? 
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S  1.  The  Poneation  of  Three-Dlaensional 
Detonation  Configurations  Behind  a 
Plane  Shock  Wave 

The  picture  of  the  fonnatlon  of  detonation  in  iiqiiid  explosives 
during  shock  Initiation  has  an  unusual  character,  if  as  the 
initiating  explosive  tie  take  a  mixture  with  a  low  heat  content 
(nitromethane,  strongly  diluted  acetone).  Ip  this  case  In  setting 
up  the  experiment,  shown  in  Pig.  9,  as  usual  (see  Pig.  10),  the 
deconatlon  of  shock-compressed  substance  (Pig.  VIII)  begins  in  th«^ 
central  region  of  the  charge.  This  detonation  is  propagated  to  the 
peripheral  segments  of  the  shock  wave,  in  which  self-lgnltlon  has 
underg  le  separation.  In  a  head-on  photo  scan  this  detonation  is 
recorded  in  the  fora  of  a  nairrow  band  of  weak  lumlnescenee.  The  . 
detonation  conversion  in  an  unperturbed  liquid  takes  place_  In  a 
local  region  of  ignition  on  the  shock  front,  recording  the  form 
of  a  narrow,  relatively  bright  Illuminated  band  3. 

The  totality  of  the  initiating  shock  wave,  the  transverse 
detonation  wave  and  the  segoent  of  the  local  inflammation  on  the 
shock  front  close  to  the  transverse  detonation  comprises  the  three- 
dimensional  detonation  configuration.  A  cross  section  of  such  a 
configuration  Is  depicted  diagrammatical  in  Pig.  23. 

A  similar  picture  is  observed,  if  instead  of  the  emergence 
of  detonation  of  the  con^ressed  substance  as  a  result  of  self- 
ignition  this  detonation  Is  caused  artificially  using  a  miniature 
initiator,  placed  on  the  Interface.  A  photo  scan  of  the  process  in 
such  an  experiment  Is  given  in  Pig.  IX.  The  layout  of  the- 
experiment  with  an  artificial  initiator  In  individual  cases  is 
preferable,  since  it  insures  better  repeatability  of  the  exper'’,nents 
and  allows  a  pressure  reduction  in  the  shock  wave  below  the 
excitation  threshold,  so  that  self-ignition  is  not  a  hlnderenco 
to  the  ob3fcr"atlon8 .  The  region  of  bright  luminescence  ^1  has  a 
"fine  structure,"  whic'  is  clearly  destroyed  in  certain  experiments 
(Pig.  TXb),  this  region  consists  of  a  series  of  finer  configurations, 
recorded  in  the  form  of  narrow  bright  lines,  situated  one  behind  the 


other.  In  proportion  to  the  distance  away  from  the  point  of 
intersection  of  the  transverse-  wave  and  the  shock  wave  the  distance 
between  neighboring  configurations,  which  compose  the  "fine 
structure,”  increases.  The  regularity  of  the  succession  of  these 
individual  configurations  one  behind  the  other  frequently  breaks 
down  as  a  result  of  the  occurrence  of  microconfigurations,  which 
follow  in  the  opposite  direction. 


Fig.  23-  Diagram  of  the 
propagation  of  three- 
dimensional  detonation 
configurations.  1  - 
Inltletlng  shock. wave; 

2  -  detonation  of  a 
shock-compressed  mixture; 

3  -  segment  of  inflamma¬ 
tion  on  the  shock  front; 

*1  -  re-formed  shock  wave 
without  inflammation; 

5  “  detonation  products. 


The  characteristic  size  of  the  Inhomogeneitles  in  region  Is 
less  than  with  normal  detonation  of  the  same  mixture  (see  Pig.  27). 
Hence  it  follows  that  this  section  of  the  three-dimensional 
d<?tonatlon  complex  is  overcompressed.  It  is  apparent  .that  over- 
compression  In  region  ^  is  created  by  the  pressure  in  the  detonation 
products  of  the  precompressed  liquid. 

Let  us  turn  once  again  to  Pig.  23.  Behind  shock  wave  ^ 
Inflammation  Is  absent,  and  its  front  is  separated  from  the 
detonation  products.  Since  no  heat  liberation  occurs  in  this 
region,  the  pressure  behind  this  shock  wave  approaches  the  initial 
pressure  of  the  initiating  shock  wave,  which  is  fixed  by  the 
parameters  of  the  active  charge.  In  the  course  cf  the  induction 
period  a  new  adiabatic  flash  way  take  place  in  this  region,  leading 
to  the  formation  of  a  new  triple  configuration,  extended  following 
the  first  one.  With  ideally  selected  conditions  the  picture  of 
the  detonation  transformation  should  Icok  like  a  ''fir  troe”  on  the 
photo  scan  (Fig.  24).  Under  actual  conditions,  however,  the 
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regularity  of  formation  of  th»  configuration  Is  greatly  distorted. 

A  slight  variation  In  the  aui5>lltude  of  the  Initiating  shock  wave 
leads  to  a  multiplication  of  the  configurations  on  the  surface  of 
the  j’iook  front,  or  to  their  disappearanc':  altogether. 

With  artificial  excitation  of  several  conflguratlrns  using 
miniature  initiators  It  Is  possible  to  observe  the  character  of 
i:'elr  Interaction  during  collision.  Figure  X  shows  how  the  formed 
triple  configurations  can  pass  throu^  one  another  without  noticeable 
distortion  or,  on  the  other  hand,  disappear  during  collision.  The 
Interaction  scheme  in  the  first  case  is  shown  in  Pig.  25.  The 
phenomenon  of  the  formation  of  triple-shock  configurations  under 
the  effect  of  a  smooth  shock  wave,  undoubtedly,  must  have  a  direct 
r'^latlonship  to  the  nature  of  the  transverse  pulsations  on  the 
fror.t  cf  the  stationary  detonation.  The  problem  consist  of 
deriving  from  the  observations  of  large-scale  configurations, 
having  a  fine  structure,  a  model  of  the  elementary  triple 
configuration,  using  which  it  la  possible  to  construct  a  scheme 
of  the  pulsating  front  of  a  stationary  detonation  wave,  and  also 
cf  explaining  all  the  details  of  the  nsodel  esperimenta. 

Pig.  2ll.  Suggested  form  of 
the  photo  scan  of  model 
experiments  under  idealized 
conditions . 


.-nervation  of  the  model  configurations  allows  us  to  assume 
that  t-iP  elementary  triple  configurations  have  the  same  basic 
signs,  namely:  the  presence  of  an  overcompressed  detonation  wave, 
record'^ :  cr.  the  photo  scan  as  a  clear  line  of  luminescence,  the 
presence  of  a  transvei'se  detonation  wave  and,  finally,  the  existence 
?f  ar.  area  of  separation  of  the  front  of  the  shock  wave  from  the 
detcni' '  •  products.  Figure  26  shows  an  approximate  scheme  of  the 
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tj>i|ple  configuration,  wfilch  in  siapllfied  form  repeats  the  scheme 
of  th*  head  of  apinning  detonation  [91].  In  the  compressed 
exploBlves  the  transverse  detonation  front  is  propagated.  The 
products  of  Its  detonation,  which  have  great  pressure,  as  a  result 
of  lateral  expansion  initiate  the  clearly  luminescent  over compressed 
detonation  front  in  the  undisturbed  explosive  2. 


Pig.  25.  Schematic  depiction  of 
the  sequence  of  phenomena  in  the 
collision  of  triple  configurations. 

I  -  moment  before  collision; 

II  -  after  collision;  1  -  Initiating 
shock  wave;  2  -  overeonpressed 
segment  of  the  detonation  complex; 

3  -  transverse  detonation  of  shock- 
con$>re8sed  explosive;  4  -  region  of 
detonation  products;  5  -  shock  waves 
without  inflammation;  6  -  surface  of 
the  boundary  of  the  active  charge. 


Pig.  26.  Scheme  of  the  triple 
configuration.  1  -  areas  without 
ignition;  2  -  segment  of  over- 
compressed  detonation;  3  “  deto- 
riStion  of  shock-compressed  explosive; 
4  -  site  of  separation  of  ignition 
behind  the  shock  front. 


In  the  model  of  elementary  triple  configuration  we  can,  without 
loss  for  the  ideal  aspect  of  the  problem,  assume  one-dimensionality 
of  the  zone  of  chemical  reaction  in  the  overcompressed  segment  of 
the  configuration.  Tills  problem  will  be  analyzed  in  more  detail 
later.  In  proportion  to  the  distance  away  froin  the  triple  point 
the  pressure  in  the  area  of  overcompression  as  a  result  of  the 
lateral  expansion  of  the  detonation  products  of  the  compresr.ed 
substance  quickly  falls.  As  a  result,  the  delay  in  the  ignition 
in  the  region  of  the  zone  of  chemical  reaction  of  overcompressed 
detonation  very  rapidly  Increases.  At  a  c-ertaln  distance  from  the 
triple  point  the  separation  of  ignition  takes  place  behind  the 
oblique  detonated  wave.  This  leads  to  the  .separation  of  the  front 
of  the  shock  wave  from  tl.e  letonation  product.^,  and  the  pressure  in 
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It  dsyn^jtotlcally  approach  the  pressure  In  the  initial  Initiating 
Jhock  wave,  which  is  fixed  by  the  pjurseeters  of  the  active  charge. 

It  should  be  noted  that  Ignition  soparatlcm  at  point  k  (see 
Fiij.  <26;,  taking  place  during  cos^^cnsatlon  of  ehenical  self-heating 
of  the  substance  by  the  cooling  as  a  result  of  its  adiabatic 
expansion,  has  certain  pecularitle*  in  coi^jarlson  vith  the 
separation  behind  tne  initiating  shock  wave.  In  this  case  the 
separa*-lnn  la  aecoapanied  by  tha  decay  of  the  double  discontinuity 
(the  front  of  the  shock  wave  -  the  plane  of  self-ignition), 
corro;y)ondlng  to  the  ovepeoag)r#easd  Mje-dlawnsional  detonation 
complex.  Qualitative  considerations  on  the  dispersing  one-dimensional 
double  dia continuities  are  expounded  in  works  [4l,  90,  92],  althou^  ■ 
the  case  cf  separation  of  Ignltltm  Is  not  ixaalned  In  them.  It 
should  be  noted  that  the  transveree  detonation  wavs  Is  also  one- 
dimensional.  This  follows  directly  frota  observation  of  the  regular 
reflection  of  light  froa  the  front  of  detonation  of  a  ahock-compreased 
mixture  of  nltroraethane  with  acetone  in  a  75:25  ratio. 

Special  experlx»nta  with  weak  artificial  initiators,  which  were 
Incapable  of  causing  detonation  of  a  shock-ccaprer.sed  substance, 
showed  that  another  type  of  configuration  is  also  possible, 
differing  from  that  described  above  by  the  fact  that  instead  of 
a  detonation  front  in  the  coa^resaed  explosive  a  shock  front  is 
propagated.  Inflaaaiatlon  in  such  a  configuration  proceeds  only  in 
t!.e  region  of  Section  2  (sec  Pig,  26).  These  configurations  are 
distinguished  by  their  quick  attenuation  after  fomation. 

S  2.  Model  of  a  Pulsating  Detonation  Wave 

The  above  suggested  oodel  of  triple  configuration  qualitatively 
coincid-^s  with  the  model  of  transvona  pulsations  on  the  detonation 
front*  *1!  gaseous  mixtures  C9l]<  It  Should  be  noted  that  in 
analyzing  the  nature  of  the  transveree  pulsations  on  the  front  in 
gaseour  aetonation  special  attention  waa  concentrated  on  the 
examiri"  '  or.  rf  the  scheme  of  the  flows  -In  the  vicinity  of  the 


triple  point,  i.e..  In  the  head  of  the  configuration.  Calculation, 
as  well  as  a  detailed  observation  of  the  flows  In  this  region  for 
liquid  explosives  are  Inadailsslble.  However,  as  well  as  clear  from 
what  follows,  a  detailed  investigation  of  the  structure  of  the 
head  of  the  configuration  is  not  necessary,  since  the  basic 
properties  of  the  detonation  wave  are  determined  by  the  conditions 
of  ignition  in  region  1  (see  Fig.  26).  From  the  problems  of  the 
.structure  of  the  flows  in  the  region  of  the  triple  point  there  is 
only  one  principle  problem  -  whether  the  transverse  wave  is  a 
detonation  wave? 

For  the  region  of  configuration  1  of  greatest  significance 
is  the  question  of  whether  the  parameters  of  this  shock  wave 
correspond  to  the  one-dimensional  Zei'dovlch  conplex,  as  was 
suggested  in  the  model  for  spinning  detonation  [23,  90],  Let  us 
examine  this  question,  proceeding  from  the  suggested  model  of 
triple  configuration.  Behind  the  front  of  the  shock  wave  after  the 
region  of  separation  of  the  shock  front  from  tne  products  of 
detonation  there  is  no  continuous  ignition,  characteristic  for 
a  one -dimensional  detonation  complex.  Consequently,  the  pressure 
Jump  ("the  chemical  peak"),  created  by  the  continuous  ignition 
behind  the  s.hvjck  front  in  this  region,  is  also  absent.  The 
parameters  of  "he  shock  wave  are  determined  by  the  pressure  in  the 
adjoining  detonation  products,  wl.lch  play  the  role  of  a  "plunger." 
Since  there  is  no  pressure  jump  on  the  Interface  of  the  detonation 
products  and  the  shock-compre.ssed  explosive,  the  formation  of 
transverse  perturbations  according  to  the  theory  given  in  work  [90] 
cannot  take  place. 

The  emergence  of  new  configurations  should  take  place  as  a 
result  of  the  adiabatic  thermal  explosion  in  the  vicinity  of  the 
interface  of  the  shock-compressed  explosive  and  detonation  products. 
Hence  the  transverse  size  cf  the  "Inhomogeneltles, "  which  is 
determined  by  the  products  of  the  rate  of  dlstri.butlon  of  the 
■jonfiguratlons  for  the  time  of  delay  c  f  the  adiabatic  flash  has 
no  definite  connection  with  the  width,  corresponalng  to  the  model 
of  the  one-dlmenslonal  zone  of  chemical  reaction. 
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The  transfer  of  the  eodel  of  triple  eonflgureticns  to  the 
ietofiation  front  requires  certain  additional  considerations .  The 
rec^Tdin?  of  the  pulaatln-j;  front  in  the  fonn  of  a  gril  of  cleerly 
illuminated  lines  (see  Pig.  VI)  testifies  to  the  fact  that  self- 
ignition  In  the  tone  of  cheaical  reaction  of  a  stationary  detonation 
vave  dees  not  occur  on  the  entire  surface  of  the  detonation  front. 

Ir.  :!.r,  re;jlons  between  the  llluadnafced  lines  there  is  no  continuous 
inriamatlon  behind  the  leading  shock  front.  This  si^stanee  Is 
burned  cy  the  transverse  triple  configurations,  the  overcompressed 
segments  of  which  also  produce  Itmlnescence  In  the  fora  of  a  brlfdit 
line . 


Tr.e  sizes  of  the  inhoaogsneltles  on  the  front  of  the  stationary 
wave,  w!;lch  can  be  obsenred  in  the  erparlaants  (Pig.  27),  are  not 
ian;e.  However,  in  individual  photo  scans  one  can  observe,  asaong 
the  clear  lines,  narrow  bands  with  weaker  luminescence  corresponding 
to  a  transverse  wave.  This  gives  us  the  basis  for  assuming  that 
the  configurations  on  the  detonation  front  correspond  to  a  model 
with  a  rea''tlon  transverse  wave.  Conversely  (with  a  transverse 
wave  without  reaction),  one  is  at  a  loss  to  explain  in  what  manner 
on  the  pulsating  detonation  front  total  heat  liberation  can  exist. 


Pig.  27 •  Dependence  of  the  sise 
of  the  inhomogeneltlas  on  the 
front  on  the  volumetric  con¬ 
centration  of  acetone  n  a 
mixture  with  nitrowsthane . 
Conditions  of  conducting  the 
experiments:  width  of  the  steel 
shells  was  3  sea,  d  ■  62  m, 

Tq  -  8*C. 


Tlie  construction  of  a  iBodel  of  tht  front  using  configurations 
of  the  fir^t  type  leads  to  a  structure  of  the  chemical  reaction 
zone,  hhi jh  qualitatively  satisfies  the  experimental  observatlwis  of 
gaseous  detonation  [91,  933.  However,  the  question  of  how  the 
klnetici-  of  h<*at  liberation  In  Section  I  (eee  Pig.  26)  of  triple 
config.ira*  ion ,  which  we  will  call  "weak,"  determines  the  basic 
proper'  ■  f  the  detonation  wave,  reaBlns  open. 


The  aelf-Buataining  reglae  of  propagation  of  detonation  t.'lth 
oonflgurationa  of  the  first  type  lea;'  be  accomplished  in  several 
ways.  The  simplest  Gkodel  of  the  detonation  mechanism,  which  differs 
most  from  the  one-dimensional  theory,  consist  In  the  assumption  of 
a  total  analogy  of  the  phenomena  during  shock  Initiation  and  on  the 
front  of  the  stationary  wave.  We  assume,  Just  as  before,  that  the 
detonation  products  play  the  role  of  a  ’’plunger,"  determining  the 
pressure  In  the  weak  segments  of  the  triple  configurations.  The 
dela:'  in  ignition  in  the  ’Veak"  segments  is  determined  by  the 
pressure  In  the  adjoining  detonation  products  and,  in  turn,  assigns 
the  characteristic  size  of  the  triple  configurations. 

We  can  assume  that  on  the  fi'ont  of  the  stationary  detonation 
wave  there  occurs  a  continuous  shock  Initiation  of  triple 
configurations  because  of  the  series  of  adiabatic  flashes  in  the 
weak  segments  on  the  wave  front.  In  this  case  we  cannot  avoid  the 
assertion  that  the  triple  configurations  are  not  stationary.  After 
formation  they  must  attenuate  during  the  course  of  the  travel  time 
between  collisions.  A  different  assumption  on  the  mechanism  of 
the  pulsating  method  of  propaijation  of  detonation  is  the  fact  that 
the  configurations,  formed  during  the  transfer  of  the  wave  to  a 
stationary  regime,  are  maintained  during  collision  as  a  result  of 
their  peiiet ration  through  one  another. 

The  characteristic  size  of  the  configurations  unequlvccally 
Is  determined  by  the  delay  of  the  adiabatic  flash  In  the  weak 
segments.  The  "regulation"  of  the  size  takes  place  in  the  following 
way.  If  because  of  some  random  reasons  the  distance  bet’.ieen  the 
configurations  is  Increaseu  greater  than  ^he  normal  dliisension, 
the  "lifetime"  of  the  substance  in  the  weak  segments  will  exceed 
the  delay  In  self-ignition  in  this  region,  which  will  also  occur, 
having  formed  a  new  configuration.  It  is  obvious  that  in 
"instantaneous"  photo  of  the  front  structure  does  not  allow  us  to 
establish  Just  which  mechanism  insures  a  self-sustaining  pulsating 
detonation,  since  the  structure  of  the  front  In  both  instances 
should  have  an  identical  form. 
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A  greater  degree  of  deterittlnaoy  nay  be  Introduced  to  this 
pro!,  lem  by  observation  of  the  pulsating  detonation  wave  under 
r;or<5r'if  ionai’y  conditions,  which  will  be  extuained  below.  For  the 
i-reseiiL  we  can  be  limited  by  the  assuBptlon  that  the  mechanlam 
cf  Min^enance  of  a  pulsating  tone  lo  a  coablnatlon  nsechanlsm. 

Cltice  we  are  resting  on  the  analogy  of  the  process  of 
crcpagatlcn  of  detonation  with  phenomena  (luring  shock  initiation, 

■.•;e  can  assume  that  in  the  weak  segneixts  of  the  configurations  under 
nonstationary  regimes  of  detonation  the  phenoasenon  of  Ignition 
separation  can  be  observed.  In  this  case  the  above  examined 
mechanism  of  the  formation  of  new  configurations  will  be  "turned 
off.''  As  was  already  noted,  a  separation  in  a  region  of  an  over- 
compressed  oblique  detonation  wave  occurs  according  to  a  sraewhat 
special  scheme:  by  the  dissociation  of  the  double  discontinuity. 

The  reason  for  It  is  the  expansion  of  the  detonation  products,  which 
have  a  limited  volume,  behind  the  transvercs  Wave.  In  the  region 
of  weak  segments  of  configurations  1  (see  Pig.  26),  if  the  charge 
were  of  Infinite  dlmenslonii,  separation  phenomena  would  be 
impossible,  since  the  continuous  replenlahuent  of  configurations 
which  disappear  for  some  reasons  would  be  insured. 

5  3.  Separation  Phenomena  In  Overeomprassed 
and  Sphi.-rlcal  Detonation 

Separation  phenomena  in  weak  sections  of  a  pulsating  front 
of  detonation  should  be  observed.  If  the  rarefaction  wave,  entering 
Into  trer  fro  the  side  of  the  detonation  products,  compensates 
for  the  chemical  self-heating  of  the  msdlum.  ITie  rate  of  fall  of 
the  parameters  behind  the  front  of  the  shock  wave  in  the  "weak" 
section.-,  jf  configurations  for  nonstationary  regimes  should  be 
determined  by  the  time  of  dissipation  of  the  detonation  products, 
whlc.n  .iLternilned  by  the  dimensions  of  the  charge. 
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Intense  rarefaction  In  the  Heak  oectlona  my  be  created  during 
excitation  of  detonation  in  a  loan  Bixturc  by  a  short  powerful 
charge.  In  this  case  the  wave  quickly  passes  fros  overeo^reasion, 
and  the  rate  of  fall  of  the  pcraseters  in  the  weak  aeotiona  on  the 
front  la  especially  large.  ?lgure  XI  shawa  a  photo  scan  of  the 
procsBS  of  initiation  of  detonation  In  a  nlxture  of  nitroansthane 
with  acetone  in  a  ratio  of  65:35  by  a  short  powerful  ehargs  aede 
fron  hftxogene  va  charge  diaaeter  of  100  taaj  a  height  of  20  sb) 
according  to  the  achems  shewn  in  Pig.  28.  It  was  dlseoytrod  that 
in  proportion  to  the  tr&nafer  fros  overcoBgjression  of  daton&tlon 
the  size  of  the  IrWioRogeneltles  in  Its  front  quickly  increase. 
Therefore  alsost  simultaneously  along  the  entire  cross  section  of 
the  charge  detonation  Ignition  disappear,  and  detonation  ceases. 

The  increase  In  the  sise  of  the  Inhonsogenelties  during  the  passage 
of  the  wave  from  overcospression  testlfiwt  to  the  fact  that  the 
pulsating  2one  is  copable  of  quickly  restructuring  itself  according 
to  the  change  In  the  parasteters  of  the  wave. 

The  enlargement  of  the  i.-diomogeneitles  is  possible  only  if 
the  "excess"  Inhomogencltles  disappear  in  proportion  to  the  pressure 
drop  in  the  detonation  products.  They  can  disappear  for  various 
reasons.  For  eias^ile,  during  collision  or  by  the  urging  of 
neighboring  configurations,  propagated  to  one  side,  because  pf 
a  random  difference  in  speeds.  They  can  also  attenuate  right  up 
to  collision. 

Thus,  the  triple-shock  configurations  on  the  fi^>nt  are 
Incapable  of  Independent  existence  for  a  prolonged  time  period. 

Hence  It  follows  on  the  front  of  pulsating  detonation  continuous 
replenlsnmsnt  of  the  configurations  as  a  result  of  adiabatic 
flashes  has  to  play  an  ln$)ortant  role.  In  proportion  to  the 
transfer  from  overcoKpresslon  at  a  certain  moBwnt  in  tiise  in  the 
weak  sections  conditions  of  ignition  separation  are  achieved. 

Mew  configurations  are  not  forwed,  and  the  "old"  continue  to  bum 
the  substance  for  a  while.  ■  Their  quantity  quickly  dlalnlsheo  and, 
finally,  they  attenuate  cottpletely.  Detonation  ceases. 
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Pig.  28.  Diagram  of  the  experiment  for 
obaerving  the  phenoiaenon  of  aep&ratlon 
of  detonation  during  the  rapid  passage 
of  the  wave  from  overco^resaion. 

1  -  explosi-re  "Ians":  2  -  active  charge 
made  up  of  hexogene  (denolty  of  1.78 
•> 

g/cm  );  3  -  container  with  liquid 
explosive;  4  -  mirror. 

Pig.  29.  Diagram  of  the  experiments  for 
exciting  spherlasOL  detonation.  1  -  booster 
charge;  2  -  active  charge  made  from  a  mix¬ 
ture  of  trotyl  with  hexogene  with  a  density 

of  1.68  g/cm  ;  3  -  container  with  liquid 
explosive;  9  -  ralrror. 


A  similar  phenomenon  Is  observed  during  the  perturbation  of 
detonation  by  a  senispherical  charge  (Pig  29).  With  spherical 
detonation  even  in  a  quasi-statlonary  regime  of  Its  propagation 
separation  conditions  in  weak  sections  of  the  front  can  be  achieved 
because  of  the  divergence  of  the  flow  behind  the  front  of  the 
convex  shock  wave.  Figure  XII  presents  a  photo  scan  of  the  process 
of  propagation  of  semispherical  detonation,  In  which  the  phenomenon 
of  separation  of  ignition  on  the  front  with  the  subsequent 
dissociation  of  detonation  is  also  obaervable.  In  this  experiment 
the  Initiating  charge  is  also  aufflclantly  powerful,  and  the  detona¬ 
tion  on  the  Initial  segments  Is  overcoapressed.  With  a  small  radius 
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of  curvstur«  of  the  front  of  the  ««««  the  eonditlons  for  eeparetlon, 
with  ft  fixed  pressure  in  the  detoMtion  products,  ere  especially 
fsYor^le.  Therefore,  It  is  l^s^ssible  to  ersete  spherical 
detonation,  which,  not  beins  oeereoepressed  at  the  initial  snosent, 
would  be  capable  of  then  under|p>iBd  aeparation. 

!Rie  paraa»ters  which  deteredne  the  achleTaeont  of  separation 
effect  In  spherioal  detonation  for  a  liquid  explosive  with  fixed 
kinetic  properties  are:  the  power  of  the  active  charge,  its 
diaateter  and  the  heat  content  of  the  investigated  mixture,  tfith 
variations  in  these  paraMtsrs  we  eueceedsd  In  observing  the 
following  Intei^stlng  phanoaenon.  With  fixed  paroaeters  of  the 
active  charge.  In  proportion  to  the  enriehsent  of  the  mixture,  the 
moment  of  the  onset  of  separation  of  detonation  of  the  mixture 
moves  further  and  further  away  from  the  staH  of  shock  loading. 
Correspondingly,  the  radius  of  the  detonation  wave  in  the  mixture, 
at  which  separation  proceeds,  increases  sore  and  more.  Finally, 
in  a  mixture  of  a  certain  concentration  spherical  detonation 
disperses  with  a  constant  else  of  the  inhomogeneities  on  the  front. 

A  significant  peculiarity  of  the  translation  process  consiat  In  the 
sudden  trarifi format ion  of  the  spherical  detonation,  propagating  in 
a  normal  regime,  idierein  the  sise  of  the  inhoeiogeneities  in  the 
stationary  wave  are  less  than  it  was  immediately  before  the  formation 
of  the  stationary  regime,  l.e.,  the  size  of  the  Inhonogeneities 
passes  throu^  a  maximum  (Fig.  XIII).  These  facts  are  fully 
explainable  on  the  basis  of  the  assumed  model  of  the  front. 

■Bie  constancy  of  the  else  of  the  inhooogeneltles  on  the  front 
of  a  spherical  detonation,  propagating  in  a  normal  regime,  despite 
the  continuously  growing  surface  of  the  detonation  front,  is 
explainable  very  simply.  The  pressure  in  the  weak  sections  of  the 
front  la  determined  by  the  preeeure  in  the  adjoining  detonation 
products,  which  Is  constant  in  a  stationary  wave.  This  pressure 
unoabigvously  determines  the  delay  in  the  adiabatic  Ignition  in 
the  weak  acotions  and,  consequently,  the  distance  between  the 
neighboring  configurations.  With  an  increase  in  the  distarice 
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between  the  conflgupitiona  on  the  front  of  a  spherical  detonation 
greater  than  the  site  thus  assigned  there  takes  place  between  them 
an  additional  adiabatic  flash,  which  forms  a  new  configuration. 

This  mechanism  also  maintains  the  average  size  of  the  liihoir.ogeneltiea 
on  the  front  constant . 

The  extension  of  the  onset  of  separation  In  relatively  enriched 
mixtures  is  explained  by  the  fact  that  for  one  and  the  same  active 
charge  the  degree  of  overcompMSslon  In  then  Is  less,  and  the 
prcceas  of  transfer  from  overcospression  is  smoother. 

The  observable  fact  of  the  sudden  fomatlon  of  a  normal 
spherical  detonation  can  be  explained  in  the  following  way.  In 
proportion  to  the  transition  of  ai^erlcal  detonation  from  over- 
eonpreaslon  at  some  raonent  In  tltae  in  the  weak  sections  of  the 
frent  separation  took  place.  However,  the  detonation  conversion 
or.  the  front  was  continued  for  sojss  time  by  the  maintained 
configurations,  which  gradually  brought  out  of  oi^er,  while  those 
remaining  as  a  result  of  the  Increase  In  the  "leng<;h  of  travel" 
were  enlarged.  As  a  result  of  this  process,  the  volume  of  the 
products  of  spherical  detonation  continue  to  increase,  and  the 
radius  of  the  wave  continue  to  grow.  The  divergence  In  the  flow 
In  weak  sections  of  the  front  continued  to  reduce,  since  at  a 
certain  moment  the  separation  conditions  for  the  adiabatic  Ignition 
In  them  are  overcome.  Pron  this  rooaent  the  mechanism  of  the 
formation  of  new  configurations  "Is  switched  on"  and  detonation 
disperses  with  a  constant  size  of  the  inhomogenelties  on  the  front. 
Naturally,  this  size  Is  less  than  the  size  of  the  pulsations  on 
the  front  of  the  detonation  wave  attenuating  before  this.  Thus, 
experimental  observation  of  the  nonstationary  restructuring  of 
the  wave  Is  well  described  by  the  proposed  model  of  the  pulsating 
front  and,  In  turn,  gives  additional  information  for  its  perfection. 

As  follows  from  the  classical  proof  t>f  the  selection  x*ule. 

In  an  overcomproassd  regime  the  rarefaction  wave  from  the  side  of 
the  detonation  products  penetrates  the  Bone  of  chemical  reaction 
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ceums  ac  c66«i!iu«&lon  of  tb«  aaplitute  of  the  front  o?  -.ua 
Ktvo.  £s  a  p»9ult,  tbs  paraastars  of  th»  iatonaticn 
ip  vaittoi  aomspoed  to  tb«  Ch«pstn-'/ouca«t 

SoibSas  oca  h«  aald  ebot^  th»  poMl’jlllty  of  tho 
stperat^  offiet  duriaa  a  tr«aaitiott  and  of  tho  "jusp”  of 
tba  €tii9i^i^icn  throu^  a  sioraal  roglM'  s>l^t  up  to  total  attanuatton. 
Sbis  is  gtatasvls  tipoa  ia  t!3a  olasaleal  tbaoxy  tba  datcnatlon  front 
la  Idaatlflad  ^th  a^aration  surfaea  of  tha  initial  axplosiva 
and  of  tha  datoaiUeit  pra^tset. 


9ig.  30<  Ksplalnlog  tha  affaot  of  OT«r> 
eoBiiraisi<m  on  tha  paresatara  of  tha 
shook  vava  cn  tha  datooation  front  In  a 
ono-diaansional  nodal  and  in  a  pulsating 
nodal.  1  •  shook  adiahatie  curvo  of  a 
liquid  axplosiTat  3  -  datonatlcn  adiabatic 
euTff}  fg  -  pratswo  in  tha  products  of 

nomal  'dstonatim;  -  praosura  Juop  in 

tha  ««ak  sections  during  ovoroosspresslon} 
•  prtisurs  on  the  shock  front  of  one- 

dlasnsional  detonation  In  a  nomal  regime 
of  its  propapitltm;  &P^  »  pressure  Jump 

on  tha  shook  front  of  ona-dlnonslonal 
datonatlon  during  ovsroo&prosslon;  •> 

Initial  spaoirio  volma  of  tba  liquid 
^sploaiYi. 


It  is  ohsions  that  tha  nodal  of  tha  datonation  wave  vlth  a 
ona>4icsns5oiial  bom  of  tfmioal  rseotlon,  in  which  the  induotion 
period  ooot^ies  tha  tudn  tint,  is  also  ospabia  of  separation 
phononana.  Bowavar»  ona  should  assuns  that  tha  Influonca  of  the 
rsrofaotioo  vavt  fraai  behind  on  the  pulsating  uona  smst  be 
signifie&itlp  strongar  than  on  a  ona-dlBonsional  zone.  QualitatlTaly 
these  acnsidaratloos  can  be  illustrated  with  srapht  (Fig.  BO) . 

During  tha  transition  tram  overeoigprsssion  for  a  ona<^isMnsional 
wawa  aodal  tha  ralstlva  drop  in  tha  parasetars  on  the  deton£ti<Ki 
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corresponding  to  the  detonation  adiabatic  -urve.  The  effect  of  the 
transition  from  overco.-npresslon  on  the  weak  segioents  of  the 
pulsating  zone  will  be  an  incomparably  stronger  than  on 

the  front  of  one-dlmenslonal  detonation. 

f  k.  Comparison  of  Pulsating  and 
One-Dlmenslonal  Models  of  a 
Detonation  Front 

In  conformance  with  the  one-dimensional  theory  of  Zel'dovlch 
a  smooth  shock  front  of  a  detonetlon  wave  has  a  speed  equal  to  that 
of  the  detonation.  The  heat  liberation  taking  place  behind  this 
wave  leads  to  an  incitioe  in  the  flow  velocity  behind  the  front , 
and  also  to  a  reduction  in  the  pressure  and  density  in  the  medium, 
".tie  depenuence  of  the  flow  parameters  on  time  Is  unani) iguous ly 
determined  by  the  kinetics  of  the  heat  liberation  In  the  chemical 
reaction  zone.  If  we  exclude  time  from  the  cprrespondinp  equations, 
then  the  flow  velocity,  density  and  pjressure  are  interrelated 
elementary  corelationships  of  the  conditions  of  conservation  on  the 
Jump. 


Experiments  to  uncover  the  one-dimensional  chemical  reaction 
zone  on  the  fiK)nt  of  a  gaseous  detonation  were  most  frequently 
reduced  to  attempts  at  recording  the  "chemical  peak"  on  the 
detonation  front,  i.e.,  discovering  the  region  of  incieased 
piessures  [9^].  The  clarification  of  the  region  of  Increased 
density  was  also  carried  out  by  the  method  of  absorption  of  soft 
X-rays  I95].  The  discovery  of  the  "chemical  peak"  in  detonation 
of  condensed  explosives  is  based  on  the  measurement  of  the  increased 
speed  of  the  substance  an  the  front  of  the  wave  by  an  electromagnetic 
method  or  of  the  Increased  pressure  by  the  split-off  method  [71»  96]. 

It  ohould  be  noted  that  the  pressure,  density  and  spet/d  of  the 
substance  In  the  chemical  rerctlon  zone,  which  has  a  nonunlvarlate 
structure,  are  Interrelated  oy  simp]©  ivlatlonshlps  only  if  th? 
characteristic  dimensions  o'.’  the  transverse  perturbations  are 
significantly  less  than  the  total  width  of  the  chemical  reaction 

82 


soMo  In  this  case  avaragia^  of  th«  parsasters  of  the  flow  Is 
possihio  in  tbt  plsnes  p&2>ali»l  to  th«  detonation  front.  Heat 
liberation  in  this  cue  oeoups  in  th«  first  apfroKinatlon  along 
Mikhel'ton^s  straight  line,  and  tbt  aeasiireaents  of  one  flow 
paraaeter  behind  the  front*  at  a  imown  detonation  rate,  detenslnes 
the  two  reaalsins  onos.  If  the  nonhosogeneoiia  sone  Is  not  reduced 
to  a  "fine"  structure  of  the  one-^aensional  (sodsl  of  the  wave 
front*  the  Intordcpendenee  of  the  flow  paraneters  beeoaes 
indetenelnant *  and  Infomation  on  the  aadlvai’s  pressure*  density 
end  speed  foroally  averafisd  in  the  planes  parallel  to  the  front 
should  be  obtained  by  Independent  Mthods. 

/ 

Returning  to  the  pn^lera  of  eowparing  a  cne-dlsenslonal  and 
a  pulsating  zone,  o.:e  oan  fornule  ^  this  in  the  following  aanner. 

The  classioal  theory  views  the  front  of  a  detonation  wave  In  the 
first  approzination  as  a  surface  of  discontinuity  of  the  initial 
explosive  and  of  the  detonation  prodi'cts.  The  one-<dlaen8ional 
detonation  cosplex  of  2«l*dovleh  Is  the  "second"  ^proxjnatlon. 

Are  the  pulsations  In  the  detonation  front  of  liquid  explosives 
the  "third”  at^raxlnfition*  as*  for  exas^le,  Shchellcln  suggests  for 
gaseous  detonation  C90]t 

Inforaatlon  on  the  pressure  in  the  cheaieal  reaction  sone  in 
liquid  explosives  is  araet  oonveniantly  obtained  using  electromagnetic 
apparatus.  The  split-off  method,  in  which  metal  grids  are  used* 
ean  give  unreliable  date,  since  with  the  refleetlori  of  weslc  segments 
of  the  pulsating  cone  from  the  setsl  presature  ignition  can,  take 
place  in  them.  The  application  of  electroieagnotlc  methods  also 
requires  appropriate  experimental  equipment*  since  a  metal  sensor 
is  used  in  it. 

Sefore  going  on  to  a  description  of  the  experimental  equipeient* 
let  us  consider  whether  there  should  exist  a  chsnlcal  peak  In  the 
sugsested  model  of  pulsating  detonation.  In  the  weak  sections  of 
the  wav*  the  pressure  ir.  the  shoek-coopressed  explosive  Is  close  to 
the  pressure  in  the  adjoining  detonation  products*  but  the  speed  of 
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the  shock  wave  in  the  aeotlooB  is  l«aa  fchan.the  datcnation  rate 
by  a  eert&in  value.  Therefore,  the  pressure  and  the  density  In 
these  regions  of  the  front  must  be  less  than  In  the  front  of  a 
one-dimensional  wave.  In  the  of  the  ccmflguratlone  the 

gone  of  chemical  reaction  both  In  the  oferew^reseed  x^giona,  aa 
veil  as  behind  the  tranavarse  wave,  is  very  narrow  and  Inexcesslble 
for  recording  by  the  electroae^etio  aethod.  The  region  of  detonation 
products  of  precompreaaed  aubatance  behind  the  tranaverae  wave  must 
have  very  high  preasurea,  according  to  approxlaate  eatimatea  more 
than  twice  exceeding  the  preasure  in  the  nor*al  detonation  products. 
Thus,  within  the  limits  of  one  three-shock  ccnflguration  the  pressure 
varie#  by  two  times,  while  the  level  of  chemical  converalon  varies 
fro*  total  heat  liberation  in  the  head  of  the  configuration  to 
practically  total  absence  of  the  reaction  in  the  weak  aectlona. 

If  we  formally  average  the  pressure  In  the  ohcBlcal  reaction 
sene,  a  region  of  elevated  pre,  3ure8  laist  exist  on  the  pulsating 
detonation  front.  This  pressure  peak  Is  actiially  recorded 
experimentally.  The  sensor  made  of  thin  foil  (0.03  mb),  which  does 
not,  cause  ignition  In  the  shock  wave  as  a  result  of  the  very  brief 
time  of  interaction  with  It,  is  placed  on  the  interface  with  the 
inert  n»dluB,  which  has  dynamic  properties  close  to  the  mixture, 
for  example,  paraffin  (Pig.  31)*  Tfie  oscillogram  of  such  an 
esperlsient  bears  witness  to  the  presence  of  a  region  of  elevated 
pressures  and  velocities  on  the  pulsating  detonation  front  (Pig.  32). 
The  time  of  existence  of  the  elevated  pressures  as  a  result  of  the 
difference  in  the  dynamic  rigidities  of  the  detonation  products  of 
the  explosives  and  of  the  paraffin  cannot  be  obtained  froa  this 
.oscillogram.  This  Is  determlnod  In  other  experlasonts,  when  a  thin 
electromagnetic  sensor  is  placed  directly  in  the  explosive  itself. 

In  this  case  the  oscillogram  Is  qualitatively  alallar  to  that  shown 
In  Pig.  32. 
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Pig.  3t>  Diegraa  of 
tba  oxparlesnt  for 
obaopving  fchtt  prassuro 
pask  on  tht  dofconatloo 
treat  la  a  liquid 
oxploslvs.  1  •  Initiator; 

2  -  oaploslv*  lena:  3  - 
liquid  axplMlva;  >  ~ 
shall;  5  -  paraffin  block; 

6  •*  alcetroaagnatie  sonsor. 

KSTi  (1)  the  oaelllography. 


Fig.  32.  Oeolllograai  of  the  rate 
of  travel  of  the  lnt<trfeoe:  Bdrture 
of  nltroMthane  tuid  acetone  tilth  a 
ratio  of  75j25  -  paraffin. 

Ihe  tlae  of  existence  of  the  elevated  speeds  At  for  a  nixture 
of  nltronethane  with  aoetone  in  a  volusetric  ratio  of  75:25  la 
O.t  ps,  Tie  aeasured  tlM  At  allovs  us  in  turn  to  calculate  the 
width  of  the  tone  of  elevated  pressures  At  (0  •>  u}»  where  D  la  the 
detonation  rate,  and  u  Is  the  average  rate  In  the  investigated 
region.  For  a  nixture  of  nltroanthane  with  acetone  of  75:25  D  Is 
equal  to  5*75  ks/»$  u  Is  equal  to  1.77  kn/s,  u  In  a  Chapattn«^ouguot 
plane  (the  end  of  the  region  of  elevated  speeds)  is  equal  to  1.51 
tra/s  and  the  pressure  In  this  plane  is  90,000  atn.  Hence  for  the 
unknown  width  we  get  1.6  c». 

9he  transverse  dlosnslon  of  the  Inhooogeneltles  on  the 
detonation  front  In  the  oeaw  eixture,  deter»lned  froa  end  photo 
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aesnning*  la  l.$  sea,  1.*.,  it  tuzn&  out  that  th»  uldth  of  the 
sonft  of  slovataA  preaem^a  la  approxlsately  equal  to  the  aiie  of 
the  transverse  pulsations  on  the  fn>at.  This  oonolusion  alloaa 
us  to  continue  the  cosparlaon  of  one^Renelonal  and  pulsating 
zones. 


In  the  pI^>po8«d  aodfil  of  a  pulsating  front  the  size  of  the 
configurations  or*  in  another  wafi  the  traneverue  dlnsnalon  of 
the  Inhoaogeneitles  on  the  front  is  deteralned  by  the  i^iltlon 
delay  In  the  seek  sections.  Hence  it  follows  that  the  total 
Mldth  of  the  pulsating  'zone  is  dstsrslfted  by  the  heat  liberation 
conditions  in  the  Mcak  seotlotse  en  the  wave  front.  Since  the 
speed  of  the  shook  nave  in  the  weak  aaeti(»fl  ia  leas  than  the 
rate  of  detonation,  and  '^onscquaatly,  the  daisy  tleee  of  the 
Ignition  In  the  weak  sections  is  than  behind  the  shock 

wave,  the  one-dlatenslcnal  reaotion  so»e»  propagating  at  the 
detonation  rate,  must  be  sifoificaatly  leas  than  the  pulsating 
zone. 


An  experimntal  eoaparlson  of  a  onaodlBxtnsional  and  pulsating 
zone  can  be  made,  using  data,  obtained  during  shock  Initldtion, 
on  the  delay  tlises  of  the  forsstlen  of  detonation  of  a  coxpressed 
substance  behind  a  flat  shock  wave.  In  neasurlng  this  dependence 
(I'lg*  33)  special  care  was  taken  to  cliainata  the  effect  of  the 
material  of  the  boundary  and  of  the  quality  of  the  finishing  of 
Its  surface  on  the  delay  value. 

The  dependsnoc  of  the  delay  tlses  on  the  prausure  can  be  used 
as  a  suitable  indicator  for  dotemining  the  preasure  in  the  weak 
sections  on  the  front .  An  esticate  of  the  delay  of  the  ezargcncc 
of  new  configurations  on  the  front  eaa  be  oade,  after  equating  it 
to  tha  average  tltae  of  travel  of  the  oonflguratlona  between 
collisions.  This  tlae  (0.2  pt)  corresponds  to  a  ol^lfioant  portion 
of  the  total  tioe  of  existence  of  the  elevated  pre&siuraa  on  the 
front  of  a  detonation  wave  (0.4  ps).  The  difference  in  the  nansd 
values  is  connected  with  the  tisee  of  attenuaticn  of  tho  gas 
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d^ncslo  pulsttlofta  in  tht  ^t^Uitlon  produets.  A  pressure  of 
@8,000  itB  correspond*  to  a  dels;  of  0.2  ys.  The  pressure  behind 
the  shook  ware,  having  a  detonation  rate  for  this  mixture.  Is 
130,000  atn  [62],  while  the  pressure  in  the  detcmatlon  products 
is  90,000  atn.  Thus,  the  developed  aodsl  of  the  front  of  the 
detonation  wave  reodves  gooc®  oonflrsation. 


The  rate  of  fall  of  the  paraaeters  In  tlise  In  the  weak  sections 
due  to  their  convexity  can  be  somewhat  greater  than  in  the  Initiating 
shock  wave.  Therefore,  the  actual  pressure  in  the  configurations 
can  be  soeewhat  greater  than  the  estiaated. 


(1) 


Wg.  33 .  Dependence  of 
the  delay  of  the  formation 
of  detonation  of  a  cob* 
pressed  explosive  behind 
the  shock  wave  (r)  on  the 
pressure  on  ita  front  (?) 
where  a  mixture  of  nltro- 
Bsthane  with  acetone  in  1 
ratio  of  75:25. 

BI:  (1)  T.  vs;  (2)  P, 
thousands  of  ata. 


If  we  extrapolate  this  saxe  dependence  to  the  pressure  on  the 
front  of  ono-diatnalonal  detonation,  having  assuaed  that  the 
basic  reaction  tlse  in  the  tone  determines  the  Induction  period, 
then  this  reaction  tliae  aust  be  extremely  small.  Soloukhln  [97] 
also  arrived  at  the  conclusion  that  the  pulsating  tone  increases 
abnn^ttdly  the  tine  of  the  heat  liberation  on  the  detonation  front  ■ 
relative  to  a  ono-*dlMn8lcn&l  sodel,  on  the  basis  of  experiments 
in  gaseous  detonation. 


The  conclusion  arrived  at  contradicts  the  concept  that  a 
pulsating  regise  of  chemical  reaction  occurrence  on  the  detonation 
front  corrasponda  to  increased  *8tatlllty"  [98]  of  this  method  of 
propagation  of  the  detonation  wave  as  a  result  of  the  increoje  in 
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effioitne;  of  th«  aboek  hMtifig  in  a  aboek  front.  In  worlcB 

[23t  90,  91]  it  1»  8U88«8t«d  tiukt  a  gai«»  eoc9rtses<S  b;  a  flat 
shock  wave,  reaota  rsiatlvaljr  8lo«2jr»  and  tharefort  the  eMFgence 
on  the  front  of  the  ahoek  »avb  of  oblique  fraeturee  Accelerates 
heat  liberation  in  the  detonation  front,  Preeiaely  for  this  reason 
It  is  asauaud  tb&t  the  moat  oXearli^  eapreoned  nonone-^iaensional 
detonation  in  ssaeouc  nizturoa  -  spin  -  la  alvaya  obaervsd  on  the 
detonation  lisitB  and  is  the  "last  posclhility”  for  its  propagation. 

Let  us  exwine  the  reasons  for  the  esasrsenee  of  pulaatlng 
regimes.  Ignition  behind  the  sboek  wave  at  eonaiderable  values 
of  activation  energjr  and  correspondingly  low  initial  rats  of  chemical 
reaction  has  a  particular  tendsiiey  toward  the  aeperaticn  effect. 

In  the  pulsating  sons  of  detonation  foradng.as  a  result  of  this 
there  occurs  as  if  a  separation  of' the  functions  of  i^piitlcm  and 
burning  between  the  "weak"  eeeticns  of  the  front  and  the  "beads" 
of  the  triple  configurations* 

The  weak  sections,  in  vhlsh.  there  is  no  ocs^inuous  self-ignltlon 
and  which,  as  a  result,  possess. a  speed  lees  than  the  speed  of 
the  detonation,  determine  the  kltMtis  properties  of  the  wave  and 
"control"  the  distance  between  the  neighboring  eonfigtu^tions. 

The  "heads"  of  the  conflguratiogis  aoooaplish  total  heat  liberation 
on  the  pulsating  detonation  front,  burning  the  fresher  substance 
In  the  oblique  fractures,  end  in  the  trensverae  detonation  >•  the 
substance  behind  the  shook-  front  in  the  week  sections. 

The  oblique  fractures  in  the*  *^€ad"  of  the  oonflffcrations 
shorten  the  tlse-  of  the  obsaioal  rsaotion  behind-  the  shook  front 
relative  to  the  one<MlixsnBional  sodel.  In  a  oo&plex  of  oblique 
ovsreonpreased  asid  transwsrae-  detoaabion  waves  the  rate  of  heat 
liberation  gonsrelljr  appevaehes  the  sazlsaia  possible.  Frota  this, 
particularly,  it  fallows  that  eoUislonn  of  configurations  cannot 
essentially  increase  the  rsaotimi  rate  at  the  sit*  of  oolllsion,  as 
is  suggested  in  work  [903*  HoRMCWr,  th€«e  oollislooa  can  lead,  on 

es 
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otbtr  bend,  to  *tt«nuatlon  of  tb®  oonfljuratlons  (Pig.  Xb). 

Ibuf,  the  kinetics  of  the  reaction  In  the  ’^ead*  of  the  con¬ 
figurations  in  no  way  detersdnas  the  average  'rate  of  heat  liberation 
on  the  detonation  front,  which  is  determined  by  the  tl9s  of  their 
travel  between  colllaions. 

The  diacuaeion  underaaktn  permits  ua  to  explain  cercain 
experimental  results  in  a  gaseous  detonation,  which  were  observed 
by  many  authors,  but  which  did  not  find  satisfactory  explanation. 

Th«(ae  oxperiaents  are  described  in  detail  In  the  book  by  Sokolik 
[993,  and  are  also  cited  in  the  article  by  Zel'dovich  [39]* 

If  ignition  la  observed  behind  a  flat  shock  wave  in  mixtures 
of  hydrogen  and  oxygen,  as  well  as  in  air-propane  mixtures,  one 
can  determine  the  wave  paramsters,  at  which  the  l^iitlon  behind 
the  front  proceeds  with  a  disappearlngly  small  delay ,  which  Is 
characteristic  for  detonation  ignition.  It  h'appens  that  the 
speed  of  such  a  shock  wave  Is  significantly  less  than  the  speed 
of  normal  detonaticai  in  this  mixture.  At  the  same  tine  the  preseuro 
In  this  shock  wave  la  very  close  to  that  in  the  detonation  products 
of  this  mixture.  Within  the  framework  of  Zel’dovich *8  one-dimenslonal 
theory  of  a  detona'  ion  complex  with  a  separated  shock  front  and  a 
sone  of  ignition  these  results  were  not  clarified,  which  gave 
Sokolik  the  basis  for  attempting  to  construct  a  one-dimensional 
detonation  model,  in  which  the  "chemical  peak"  would  not  be  an 
unavoidable  eonaequonoe.  In  his  opinion,  this  is  possible,  If 
the  relaxation  proceasse  in  the  shock  front  have  speeds  close  to 
the  speed  of  total  heat  liberation. 

Another  mechanism  of  total  coablnlng  of  the  zones  of  dynamic 
oompresaion  and  reaction  and,  correspondingly,  of  the  absence  of  a 
pressure  and  density  peak  on  the  front  is  Hlrshfelder’s  model  [100], 
in  which  the  transfer  processes  play  a  significant  role. 


«9 


AD7jHX7 


108 


A  .completely  differ«nt  explanation  can  be  offered  on  the  basis 
of  the  developed  model  of  a  pulsating  front.  Evidently,  in  the 
rtudied  udxtures  [7,  101,  102]  the  front  of  a  normal  detonation 
was  pulsating,  and  the  weak  sections  of  the  triple  configurations 
having  a  pressure  close  co  that  In  the  detonation  products, 
determined  the  kinetics  of  the  heat  liberation  on  the  front. 
Therefore,  the  characteristic  times  of  ipiitlon  on  the  pulsating 
front  must  coincide  approximately  with  the  delay  time  of  ignition 
be.*'.ind  the  smooth  shock  wave,  having  a  speed  less  than  the  detonation 
rate,  while  the  pressure  must  be  close  to  that  in  the  detonation 
products,  as  is  also  observed  in  these  experiments.  A  complete 
analogy  of  these  experiments  with  the  results  described  above  for 
liquid  explosives  Is  apparent. 

S  5*  Limits  of  Propagation  of  Detonation 
with  a  Pulsating  Front  in  Metal  Tubes 

Tht  analogy  In  the  processes  of  propagation  of  detonation  in 
gaseous  and  condensed  homogeneous  systems  becomes  less  apparent 
with  the  consideration  of  phconoaiona  on  the  limits  of  propagation 
of  a  wave. 

For  gaseous  systems  the  walls  of  a  glass  or  metal  tube  do  not 
ranage  to  get  noticeably  deformed  in  the  process  of  detonation 
propagaticn  and  In  the  theory  of  the  limits  can  be  viewed  as 
absolutely  rigid.  For  the  detonation  of  condensed  expletives 
absolutely  rigid  walls  do  not  exist.  Fertiaps  precisely  because 
of  this  the  phenomenon  of  spinning  detonation  Is  not  observed  on 
the  boundary  of  detonation  of  liquid  explosives.  Moreover,  under 
propagation  conditions  close  to  the  limit,  the  phenomena  in  the 
wave  po8se.is  considerable  sinllarlty.  In  the  transition  to  the 
limit  both  in  liquid  explosives,  as  well  as  in  gases,  the  detonation 
rate  remains  practically  unchanged,  although  the  site  of  the 
pulsations  on  the  front  increases  noticeable  here  (Fig,  "iH) .  It, 
T'owever,  in  gaseous  detonation  in  proportion  to  the  approach  to 
t^e  limit  the  size  of  the  triple  conflgxtration  may  reach  in 


90 


AD/”j1417  -  107 


aucceasion  a  valua  of  the  tube  dlweter  (the  case  of  one-head  spin), 
then  in  liquid  exploalvea  detonatlcn  will  cotapletely  attenuate, 
whan  on  the  flurface  of  the  detonation  front  there  are  still  hundreds 
of  triple  configurations. 


Pig*  3^*  Dependence  of 
the  size  of  the  inhomo- 
geneltles  on  the 
detonation  front  in  a 
mixture  of  nitromethane 
with  acetone  75:25  on 
the  diameter  of  the 
steel  shell  (T.  -  S^C). 


Pig*  35*  Diagram  of 
the  experlMnt  for 
by-passing  detonation 
from  a  rich  mixture 
to  a  leaner  one. 

1  -  mirror;  2  -  'ixture 
of  nitromethane  with 
acetone  in  a  ratio  of 
70:30;  3  -  polyethylene 
film;  4  -  mixture  of 
nitromethane  with  ace¬ 
tone  In  a  ratio  of 
75:25;  5  “  explosive 
lens;  6  -  metal  shell. 


The  cessation  of  detonation  la  viewed  as  the  sudden  cessation 
of  ignition  on  the  detonation  front  almost  simultaneously  across 
the  tube’s  cross  section.  The  observation  of  attenuation  of 
detonation  In  metal  tubes  can  be  done  when  by-passing  detonation, 
propagated  under  stationary  conditions.  Into  a  leaner  mixture, 
for  which  the  given  diameter  of  the  tube  Is  less  than  limiting 
(Pig.  35).  Such  a  formulation  of  the  experiment,  for  example.  Is 
widely  practiced  In  gaseous  detonation  when  finding  the  concentration 
limits  [23].  During  the  transfer  from  the  lower  tube  to  tho  upper 
detonation  attenuates  for  a  certain  time  In  the  entire  cross  section 
of  the  charge,  across  the  upper  tube  passing  through  s  distance, 
not  exceeding  Its  dlaaoter  (Pig.  XIV). 
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Overcompreeslon  during  the  transfer  of  detonation  to  a  mixture 
with  a  somewhat  lesser  heat  content  Is  small  and  must  disappear 
very  rapidly  rl^t  up  to  the  attenuation  of  detonation.  The 
observable  effect  of  the  disappearance  of  the  detonation  Ignition, 
apparently,  also  determines  the  limits  of  propagation  of  detonation 
In  the  metal  tubes .  It  should  be  engshaslsed  that  such  a  method  of 
atteruatlon  of  pulsating  detonation  Is  characteristic  only  for 
a  metal  shell. 

If  the  de'.onatlon  Is  propagated  through  the  liquid  explosive 
In  the  shell  with  a  relatively  low  density  (paraffin,  plexiglas), 
then  the  propagation  limits  set  in  at  a  much  greater  diameter  than 
for  a  metal  shell.  Tne  surface  of  the  detonation  front  in  this 
caoe  undergoes  periodic  reductions  under  the  effect  of  the  rarefaction 
waves,  which  enter  the  zone  from  the  side  of  the  deformed  shell. 

With  a  critical  diameter  the  amplitude  of  the  pulsations  of  the 
surface  of  the  detonation  front  are  such  that  the  surface  of  the 
detonation  front  is  totally  reduced  and  detonation  becomes 
impossible.  In  a  weak  shell  close  to  the  limits  of  propagation 
tlio  dependence  of  the  size  of  the  Inhomogeneltles  on  the  front 
on  the  value  of  the  diameter  Is  still  not  clear.  For  example, 
for  a  75:c5  mixture  of  nltromethane  with  acetone  the  critical 
diameter  in  a  weak  shell  is  greater  than  200  nan,  while  the  size  of 
:ne  inhcmogeneities  vary  only  with  steel  tube  diameters  of  less  than 
tiO-70  mm.  Therefore,  only  In  a  weak  shell  Is  the  mechanism  of  the 
propagation  limits  determined  by  the  specific  phenomenon  of  the 
pulsations  of  the  surface  of  the  front,  about  which  we  will  speak 
In  more  d  oil  In  the  next  chapter. 

Let  us  turn  to  the  appearance  of  attenuation  of  a  wave  In  a 
"rl.Ud"  .shell.  In  which  the  effects  of  the  shortening  of  the  surface 
of  the  front  of  a  lateral  rarefaction  wave  Is  a  rare  exception  and 
can  fccur  only  under  the  effect  of  landcn  causes.  Since  for  a 
gaseous  detonation  the  theory  of  the  limits  of  propagation  amounts 
to  finding  the  propagation  limits  of  a  one-head  spin  [90,  91],  for 
the  theory  of  the  limits  of  pulsating  detonation  in  a  rigid  shell 
in  llfr. explosives  other  concepts  are  necessary. 
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First,  attempts  shouil  be  made  to  explain  the  limits  on  the 

basis  of  the  one-dlnensional  theory  of  propagation  limits  of 

detonation  in  tubes  of  limited  diameter  [23],  which  in  gaseous 

detonation  has  found  no  application.  I»  this  theory  an  essential 

role  is  played  by  the  factor  of  losses  due  to  thermal  conductivity 

and  friction  of  the  wave  against  the  tube  walls.  Losses  must  lead 

to  a  reduction  in  the  speed  of  detonation  and  to  a  correspondi-ng 

Increase  in  the  time  of  the  cheoloal  reaction  on  the  front  with 

the  reduction  in  the  llameter  of  the  tube.  In  particular,  for 

2 

detonation  on  the  limit  in  gaseous  mixtures  formula  &D  "  t^D  /d 
Is  suggested  [23],  where  D  is  the  detonation  rate,  is  the 
reaction  time  on  the  front,  d  is  the  tube  diameter,  AD  is  the 
decrease  in  the  speed  with  the  approach  to  the  limit. 

On  the  basis  of  the  presentea  formula  let  us  try  to  make  an 
estimate  of  the  reduction  In  the  detonation  rate  on  the  limit  in 
a  liquid  explosive.  Let  us  take  for  an  example  a  mixture  of 
nltromethane  with  acetone  in  a  ratio  of  75s25;  tp  for  this  mixture 
is  vs,  D  equals  5.75  kra/s  and  the  limiting  diameter  of  the  tube 
is  30  mm.  Hence  one  should  anticipate  a  reduction  in  the  detonation 
rate  at  the  limit  of  approximately  6-73f.  Careful  measurements  of 
the  detonation  rate  at  the  limit  with  a  change  in  the  diameter 
of  the  tube  ri^t  up  to  the  limit  did  not  permit  us  to  discover 
any  noticeable  changes  in  the  rate,  although  the  measurement  era 
amounted  to  less  than  1](. 

Hence  it  could  be  concluded  that  heat  lossea  and  friction  against 
the  walls  do  not  determine  the  limits  of  propagation  of  detonation  in 
liquid  exploaivea. 

Since  the  speed  of  heat  transfer  In  a  condensed  medium  is 
small,  and  the  diameter  of  the  tube  Increases  the  width  of  the 
zone  of  heat  liberation  on  the  front  by  tsore  than  one  order.  It  Is 
actually  difficult  to  expect  a  drop  in  the  parameters  of  the  wave 
as  a  result  of  the  cooling  of  the  medium  by  the  shell.  However,  in 
the  theory  of  one-din^nslonal  limits  [23]  it  is  pointed  out  that  the 
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weakening  of  the  flanka  of  the  wave  on  the  vail  can  quickly  affect 

t 

the  state  of  the  medium  In  the  central  regions  of  detonation  as  a 
Ksult  of  the  rarefaction  waves.  In  condensed  systems.  If  even  the 
factor  of  thermal  and  mechanical  losses  is  Insignificant,  the  effect 
of  ccmpresjablllty  and  expansion  of  the  shell  can  replace  them. 

Hence  qualitative  conclusions  of  the  one-dlmenslonal  theory  should 
be  maintained.  In  this  case  a  criterion  of  the  approach  to  the 
Units  must,  as  Lefore,  be  a  noticeable  reduction  In  the  detonation 
rate  relative  to  the  rate  In  the  same  mlxtui*e  with  large  charge 
diameters.  This  it?duct3on  in  the  reduction  rate  corresponds  to  a 
formal  reduction  In  the  heat  liberation  behind  the  wave  as  a  result 
of  heat  losses  In  the  lateral  rarefaction  wave. 

As  was  already  noted,  the  experiment  does  not  confirm  the 
assumption  of  a  noticeable  drop  In  the  rate  of  detonation  on  the 
limit ,  although  the  size  of  the  inhoaogeneltles  on  the  front 
Increases  here  somewhat.  The  zone  of  heat  liberation  on  the 
detonation  front  with  limiting  concltions  of  propagation  remains 
as  before  an  order  less  than  the  charge  diameter.  Such  rigid 
conditions  of  the  possibility  of  detonation  propagation  force  us 
to  look  for  other  reasons  for  the  nature  of  the  limits  of  propagation 
of  a  pulsating  detonation  wave. 

It  should  be  noted  that  the  very  proccsa  of  detonation 
attenuation,  actually  accompanied  by  a  drop  In  the  parameters  on 
the  wave  front,  does  not  require  a  necessity  of  Introducing  a  loss 
factor,  even  if  In  the  form  of  a  rarefaction  wave  from  the  lateral 
wall.  In  this  nonstatlonary  process  the  slse  of  the  inhomoganeltles 
is  enlarged,  the  zone  of  heat  liberation  Increases,  the  detonation 
process  spreads  apart  and,  consequently,  there  is  no  total  heat 
liberation.  The  dispersion  of  the  wave  Is  accompanied  by  the 
penetration  of  rarefaction  waves  from  the  detonation  products  Into 
the  pulsating  zone,  as  a  result  of  which  there  occurs  the  separation 
of  ignition  In  the  weak  sections  of  the  configurations  and  a 
progressive  reduction  In  the  parameters  of  a  nonstatlonary  wave. 

All  these  processes  are  Interconnected. 
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Significantly  laore  coa^ilex  la  the  problem,  due  to  what  does 
the  transition  to  such  a  nonatationary  wgiine  occur.  Turning  again 
to  the  model  of  a  pulsating  front,  one  way  note  that  the  criterion 
of  thfc'  ability  of  detonation  to  a  aelf-austalning  regime  of 
propagation  Is  the  posalbility  of  continuous  adiabatic  Ignition 
In  the  weak  sections  of  the  configurations,  which  fix  the  dimensions 
of  the  heat  liberation  zone.  If  for  any  I'eason  In  the  weak  sections 
of  the  configurations  separation  of  ignition  occurs,  detonation  will 
transfer  to  a  nonatatlonary  regime  and  may  attenuate,  for  example, 
daring  the  rapid  transition  of  a  wave  from  overcompresslon  or  in 
spherical  detonation.  A  similar  effect  can  also  arise  as  a  result 
of  the  lateral  rarefaction  wave,  which  actual.ly,  as  will  be  shown 
in  the  next  chapter,  is  observed  during  the  propagation  of  detonation 
in  a  weak  shell  or  during  the  transition  of  detonation  from  a  wide 
tube  Into  a  volume.  Characteristic  for  the  attenuation  of  a  wave 
under  the  effect  of  a  lateral  rarefaction  wave  is  the  subsequent 
dlsappecrance  of  the  configurations  in  the  lateral  rarefaction  wave, 
which  Ir  recorded  in  the  form  of  a  distinctive  wave  of  th, 
disappearance  of  luminescence  of  the  detonation  front,  propagated 
into  the  central  portions  of  the  wave  at  a  certain  speed. 

With  the  attenuation  of  detonation  in  a  rigid  shell  of  any 
porturtatlons  from  it  on  the  configurations  ’’grid,"  which  is  very 
sensitive  to  external  influences,  is  not  observed.  It  remains  to 
allow  that  the  transition  to  a  nonstationary  regime  from  a  normal 
one  is  possible  as  a  result  of  the  assumption,  paradoxical  at  first 
glance,  concerning  the  emergence,  in  a  normal  regime  of  detonation 
propagation,  of  a  rarefaction  wave  from  the  region  of  detonation 
products  into  the  zone  of  heat  liberation.  One  can  come  to  such  a 
conclusion  from  examination  of  the  model  of  the  configuration  on 
the  front,  presented  in  Fig>  26. 

The  pressure  in  the  weak  sections  is  close  to  the  pressure  in 
the  detonation  products,  and  the  total  width  of  the  zone  of  heat 
liberation,  in  succession,  is  close  to  the  dimensions  of  the  triple 
configurations.  It  follows  from  this  that  the  detonation  products 
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n>l«  of  a  plungar  for  v»ak  ••ctioos  of  tb9  eonpigusrations. 
Ther«fDr«»  th*  v«Kk  sections  arc  'transparent''  for  a  rartfaotion 
r«sve  froa  the  detonation  products.  It  is  possible  to  shoe  that  this 
conclusion  does  not  contradict  the  fulflllaent  of  the  Cliapnan-Jouguet 
condition  and  is  a  ccmseQuence  of  the  peoulsrltlaB  of  rerefaetlon 
eaves  in  a  turbulent  flow. 

Let  us  postulate  that  the  rarefaction  wave  free  the  detonation 
products  always  enters  the  front  through  the  sesk  sections  of  the 
configurationc .  The  profile  of  the  rsrefaotloo  waves  is  determined 
by  the  volume  of  the  expanding  detonation  products.  It  follows 
from  this  that  in  a  given  olxture  the  steepness  of  the  pressure 
drop  in  the  sene  of  rarefaction  vill  be  detcrslned  by  the  length 
of  the  traveled  detonation  path»  if  the  dlanater  of  the  charge  is 
large.  If  the  dtasceter  Is  anall*  after  establishing  detonation 
the  steepness  of  the  rarofactlwj  wave  will  be  de*‘^rBlned  by  the 
charge  diameter,  the  detonation  products  of  which  expand  In  a  radial 
direction. 


With  a  sufficiently  small  dleaeter  of  the  charge  the  rarefaction 
wave,  entering  the  turbulent  sone,  may  causa  separation  of  ignition 
In  the  weak  sections  and  bring  the  wave  to  a  nwwtatlonary  attenuation 
regime.  With  a  dlaaeter  somewhat  greater  than  limiting,  the  rare¬ 
faction  wave  causes  additional  attenuation  of  the  weak  sections, 
as  a  result  of  which  delays  In  the  ignition  In  them  exceed  the 
values  which  eori'espond  to  a  large  charge  dlaiseter.  This  also  leads 
to  a  certain  enlargement  of  the  inhomoeeneitles  close  to  the 
propagation  limits.  Since,  however,  ignition  separation  in  the 
weak  sections  close  to  the  limit  is  overcome,  detonation  propagates 
in  a  stationary  regime  with  total  heat  liberation  and  with  practically 
the  same  detonation  rate,  which  must  exist  in  a  wide  tube. 

Thus,  the  detonation  propagation  criterion  In  a  tube 

may  be  determined  as  the  condition  of  overcoming  the  separation  of 
ignition  in  the  sone  as  a  result  of  the  rarefaction  wav&)  from  a 
limited  volume  of  detonation  products.  It  remains  to  give  this 
criterion  quantitative  characteristlos . 
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Th«  concept  of  the  threshold  of  Ignition  initiation  behind  a 
fist  shock  wave  wss  described  above  In  detail.  It  was  shown  that 
this  concept  is  relative,  and  that  the  vaiue  of  the  threshold 
depends  on  the  charge  site.  Notably,  for  a  given  mixture  the 
aa^lltude  of  the  shock  wave,  capable  of  causing  ignition,  la 
reduced  with  the  increase  in  the  site  of  the  active  charge.  The 
dependence  of  the  limiting  dimensions  of  the  active  charge  on  the 
limiting  amplitude  of  the  shock  wave  Is  very  strong,  since  in  the 
first  approximation  the  amplitude  fixes  the  shock  heating  of  the 
medium  and,  consequently,  the  Initial  rate  of  the  chemical  reaction 
through  Arrhenius'  exponent.  The  limiting  dlmsnslons  of  the  active 
charge  are  found  from  the  conditions  of  compensation  of  the  rare¬ 
faction  wave  of  the  chemical  self-heating  of  the  medium,  and  a 
noticeable  decrease  in  the  initiation  threshold  can  be  achieved  only 
with  a  very  strong  Incroase  In  the  active  charge  dimensions. 

In  our  analysis  of  the  processes  of  heat  liberation  in  the 
pulsating  2one  an  analogy  of  the  phenomenon  with  shock  Initiation 
la  assumed,  since  the  products  of  normal  detonation  are  viewed  as 
a  "plunger,**  creating  igiition  in  the  weak  sections.  The  initial 
pressure,  created  by  this  "plunger,"  is  unambiguously  determined  by 
the  heat  content  of  the  selected  mixture.  Thus,  an  independent 
parameter  in  the  problem  of  finding  the  conditions  of  ignition  in 
the  weak  sections  of  the  configurations  is  only  the  linear  dimensions 
of  the  charge.  If  these  dimensions  are  sufficiently  large,  the 
possibility  of  ignition  separation  In  the  weak  sections  is  overcome, 
and  detonation  has  the  possibility  of  steadily  propagating. 

In  particular,  the  tube  diameter  found  in  the  experiments  on  shock 
initiation  determines  th«  limiting  diameter  of  propagation  of 
detonation  of  the  select  .d  •fixture. 

Taking  into  consideration  the  similiarlty  of  the  phenomenon 
with  shock  initiation,  one  should  expect  a  sharp  increase  in  the 
llBdting  diameter  with  the  leaning  of  the  mixture,  when  the  pressure 
in  the  detonation  products  Is  reduced.  If  tn  a  mixture  of  nlt.-o- 
aethane  with  acetone  in  a  ratio  of  75:25  detonation  Is  propagated 
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With  tuiM  eiaisiters  osoaddlng  3d  aa,  than  for  «  slxture  of  70:30 
in  td)8  (SlSBaters  actually  axiatlng  In  th«  expericsnt  (up  to  200  nan) 
ateady-state  datonatlon  catuMt  ba  niese  regularities, 

naturally,  beoosa  pcaolble  only  because  the  reaetlon-klnetlc 
properties  of  the  xlzture  change  little  with  the  variation  in  the 
heat  content.  Considering  the  analogy  of  the  phenooena  of  the 
propagation  Halt  and  the  Initiation  threshold,  one  should  expect 
that,  since  in  both  instances  the  dlaaeters  of  the  charges  vary 
Insignlficzmtly,  then  the  inltiatlcm  threshold  should  coincide 
approxlsstely  with  the  pressure  in  the  detonation  products  of  the 
mixture,  which  is  still  capable  of  steady-state  propagation  under 
these  conditions.  In  our  experiaents  such  a  aistur:}  was  one  with 
nltromebhane  arid  acetone  In  a  ratio  of  72:28.  The  pressure  in  its 
detonation  produeta  Is  shout  85,000  ata.  The  Initiation  threshold, 
practically  speaking,  is  about  GO ,000  ata  for  all  elxtures. 

From  the  described  analogy  it  follows  that  the  Units  of 
stable  propagation  of  detonations  In  any  fixture  can  be  found  from 
experiments  on  shock  initiation.  ?or  this,  it  it  essential  to 
select  the  aaplltude  of  the  shock  wave,  equal  tc  the  calculated 
pressure  in  the  dstwiatlon  products  of  the  selected  nlxture,  and, 
by  varying  the  diaenslons  of  the  active  charge,  achieve  Ignition 
behind  the  initiating  shock  wave.  The  dlscorered  active  charge 
size  is  approxiswtoly  equal  to  tbs  limiting  dlaneter  of  the  tube, 
in  which  detonation  in  the  selected  sixture  will  propagate 
stuadily.  Using  a  spherical  active  charge  during  shock  initiation, 
in  a  similar  way  one  can  find  the  Uniting  dianeter  for  spherical 
detonation  also. 

If  the  dlasMter  of  the  active  charge  is  very  largo,  the 
steepness  of  the  rarefaction  wave  in  the  products  will  bo  determined 
by  the  length  of  the  charge.  Therefore,  Units  of  propagation  with 
r&apect  to  the  charge  length  must  exist.  Such  an  assuaptlon  makes 
sos3ewhat  Indateroinsnt  the  treatasnt  of  separation  phenomna  during 
the  traneitlon  of  a  detonation  wave  from  overconpresslon  during 

I 

initiation  by  a  short  powerful  charge.  This  phenoaenon  was  explained 
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i*ove  as  tha  rasult  of  «  drop  In  the  paraisetere  on  the  wave  front 
during  transition  froa  overooepreaelon.  However,  one  can  also 
allOH  that  up  to  the  notaent  of  separation  detonation  was  already 
leaving  the  overeoapressltwi  oode,  but  the  length  of  the  ireglcn  of 
detonation  products  behind  It  was  less  than  the  critical  dliaenslons, 
and  therefore  the  attenuation  of  detonation  occurred.  It  is 
sppai^nt  that  the  natuz^  of  the  separation  of  ignition  In  the  sons 
reoalns  the  saee  in  both  Instances. 

i  6.  Datonation  Haves  with  a  Snooth  Front 

As  was  already  noted,  with  the  enrlchiflont  of  alxtures  of 
nltrooethane  with  acetone,  of  nitroglycerin  with  Biethenol  and  others 
the  site  of  the  pulsations  on  the  detonation  front  la  sharply 
reduced.  The  resolvent  power  of  head-on  photo  scsinnlng  is  rather 
low  and  does  not  peradt  i-ecordlng  inhonogeneltlea  of  the  front  of 
less  than  1  sbd.  Therefore,  in  undiluted  liquid  explosives  using 
head-on  photo  scanning  one  cannot  manage  to  establish  whether  or 
not  the  front  renelns  pulsating.  Significantly  better  resolution 
{5*10  ^  m)  is  obtained  by  the  method  of  light  reflection,  suggested 
by  Zel'dovich,  Korwer  et  al.  [68].  This  method  permit s  one  to 
detect  the  presence  of  ssall  pulsations  on  the  front  and  to  answer 
the  question  as  to  whether  liquid  explosives  exist  with  a  smooth 
detonation  front. 

Ihe  assuatptlon  of  the  existence  of  triple  configurations  with 
a  size  less  than  5‘10*^  or,  to  which  "lifetlBea'*  of  configurations 

-q 

on  the  order  of  10  s  Bwst  correspond.  Is  not  realistic.  This 
f'oncluslon  follows  from  consideration  of  the  detail  structure  of 
the  pulsating  front  and  Is  discussed  in  detail  below.  It  contradicts 
to  a  certain  degree  the  eoncluslona  of  work  [103],  in  which  the 
presence  of  extremely  small  triple  configurations  Is  allowed  In 
contrast  to  the  first  work  of  tr.c  same  authors  [60],  The  reflection 
of  light  from  a  detoratlon  wv/e  Is  connected  with  the  pre*'*nce  of 
a  significant  density  Jump  on  the  shock  front  of  detonation  of  a 
condenaod  explosive.  TJie  nonunlfomilty  of  the  density  Jump  on  the 
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pulsating  Burface  of  ths  detonation  front  and  the  ’’hillinesB”  of 
this  surface  eoupllcate  the  foinnulatlon  of  the  experiment  for  ll^t 
reflection  from  a  pulsating  wave.  One  of  the  difficulties  consist 
in  the  fact  that  the  light  reflection  from  such  a  rough  surface  is 
irregular,  and  consequently,  the  intensity  of  the  reflected  light 
may  be  significantly  less  than  for  a  smooth  wave.  Another 
difficulty  consist  in  the  impossibility  of  quantitative  estimates 
of  the  density  of  the  shock-compressed  substance  on  the  front 
af'cording  to  -he  coefficient  of  light  reflection.  In  particular, 
there  1?  no  basis  for  assuming  that  the  Integral  coefficient  of 
light  reflection  from  the  pulsating  front  must  coincide  with  the 
coefficient  of  reflection  of  a  smooth  wave,  having  the  same 
velocity,  as  is  suggested  in  work  [103]. 

In  recording  the  light  reflection  of  an  extraneous  source  from 
tne  front  it  is  essential  that  the  reflected  signal  in  order  of 
magnitude  be  close  to  the  intensity  of  the  detonation  luminescence 
itself.  However,  the  most  powerful  (explosive)  light  sources  have 
limited  Intensity  of  illumination  in  the  visible  range  in  connection 
with  "saturation”  of  the  radiative  power  of  the  heated  body  (in  the 
present  case  of  a  shock  wave  in  argon)  at  very  high  temperatures 
(■’^0,000°K)  in  confornance  with  Planck's  formula.  Another 
limitation  of  the  Intensity  of  the  source  is  the  effect  of  screening 
of  radiation  of  the  chock  wave  as  a  result  of  heating  by  this 
radiation  of  the  gas  before  the  front  [80]. 

I‘-  Is  possible  to  achieve  an  increase  in  the  intensity  of  the 
light,  reflected  from  the  pulsating  front,  by  observing  several 
additional  conditions  when  setting  up  the  experiment.  If  the  surface 
of  the  front  is  slightly  hilly,  then  the  diagram  of  irregular 
reflection  of  light  from  It  must  be  relatively  narrow,  l.e.,  such 
a  surface  is  essentially  different  from  a  surface  which  isotropically 
scatters  light,  and  satisfies  LaJ^ert's  law,  Iherefore,  in  the 
experiment  one  can  obtain  a  tsaximun  reflected  signal  with  a  given 
source  brightness,  if  the  angular  dlTCnsions  of  this  source  exceed 
the  opening  o^  the  reflection  diagran  of  the  rough  surface.  In 
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this  ew9  on«  oan»  in  prinelpl«»  also  d«t«mln«  directly  the 
lntegy>ftl  eotffieient  of  rcfleetion.  about  which  «e  spoke  above. 


Pig.  36.  Layout  of  the 
experlaent  for  o^senrlng 
the  for*  of  the  jur^’ace 
of  a  detonation  front 
frca  the  illuadnatlc^ 
of  the  clearance. 

1  -  alrror;  2  -  air  gap 
between  liquid  axploeive 
end  glass  O.l  bm;  3  - 
steel  tube;  H  -  lean 
Bd.xture  of  nitrosethane 
with  acetone;  5  -  explo¬ 
sive  lens;  6  -  Initiating 
charge. 


It  iB  possible,  using  the  soheae  depicted  in  Pig.  36,  to 
experifientally  estlsate  the  degree  of  rou^n^ss  of  the  pulsating 
surface  in  mixtures,  where  the  pulsations  are  observed  directly 
on  the  photoreglater.  With  such  a  formulation  one  can  observe  the 
subsequent  lllualnatlon  of  the  thin  air  gap  above  the  surface  of 
the  mixture  of  the  nltroaothane  with  acetone  in  proportion  to  the 
removal  of  the  hilly  surface  of  the  detonation  wave  in  it.  Ihe 
aperture  photo  scan  shown  in  Pig,  XV  coiresponde  as  if  to  a  three- 
dimensional  "impression*'  of  the  surface  of  the  detonation  front, 
allowing  us  to  observe  its  shape.  The  clarity  of  the  flash  of  the 
air  gap  is  avch  stironger  than  the  luminescence  of  the  wave  itself, 
and  it  is  not  interference  for  the  observations.  In  exarlning 
the  photograph  ona  should  consider  that  the  relationship  of  the 
time  scan  and  of  the  coefficient  of  reduction  of  the  laage  is  such 
that  the  true  concavity  of  the  front  is  two  tisws  less  than  the 
unevenness  of  the  lines  of  this  chronogram.  This  explicit 
experlsMnt  allows  us  to  be  oonvin<^  that  the  surface  of  the 
pulsating  front  is  sll^tly  hilly  with  a  small  relationship  of  the 
height  of  the  pulsations  to  their  transverse  dloonslon  (*’0,1). 
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One  can  cssobs  that  th*  ahapa  of  tl»i  eonflKUi^tioaa  vary  little  elth 
Che  change  in  thei?  linear  dlaenaions.  A  cladlar  oonelueion  la 
also  drawn  for  the  owe  of  gaseooa  detonation  [90,  91]  • 

Ezperlasnts  were  conducted  [€9]  according  to  the  scheme, 
presented  in  Pig.  37.  For  the  obaereatlon  of  the  li^t  reflection 
from  a  clearly  ‘’■Irror**  shock  «aw  water  waa  used.  Figure  3? 
presents  a  photo  scan  of  the  experlMnts  with  glyceride  alcohol 
nitrate  (D  ■  6.7  k*/s),  bearing  witness  to  the  roughness  of  tlip 
front  of  normal  datonatlon  in  It,  since  the  Image  edges  of  the 
source  diaphragm  In  the  form  of  a  slit  are  blurred.  A  similar 
picture  is  observed  In  nltromethene. 


Fig.  37.  Layout  of  the 
experiment  for  observation 
of  the  reflection  of  light 
from  detonation  vs'^s  In 
liquid  explosives. 

1  -  explosive  lens;  2  - 
charge  of  hexogenej  3  - 
transparent  box  with  argon; 
t  -  diaphragm  In  the  form 
of  £  slit  with  a  width  of 
20  mb;  5  -  water;  6  -  liquid 
explosive;  7  “  initiating 
charge;  8  -  plexlglas  baffle; 
9  explosive  lens;  10  - 
detonation  front. 


Similar  experiments  were  also  conducted  for  detonation  waves 
in  a  regime  of  overcoopression  (693.  It  was  discovered  that  with 
a  sufficient  degree  of  overcompreeslon  the  detcsyitlon  wave  is 
smooth  (nitrcHsethane,  a  stoiehioaxstris  aixture  of  nitric  acid  with 
dlchloroethane).  In  proportion  to  the  transition  overcompresslon 
the  detonation  front  bocosM  rensh.  In  similar  esperlKanta  with 
a  mixture  of  nltroaethsne  and  acetone  the  smoothness  of  the  front 
was  not  achieved,  apparently,  as  a  result  of  the  inadequancy  of 
overcompresslon.  In  experiments  with  a  stolohlonetrle  olxture  of 
nitric  acid  and  dlchloroethane  the  front,  on  the  other  hand,  becomes 
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KROoth  uith  r^latlYOly  low  OTvrecapzvsslon.  During  overcompression, 
siRult&neously  with  the  alrror  reflection  the  dispei^lon  of  light- 
is  also  ohserved.  It  can  be  Msuaed  that  the  dispersion  of  light 
occurs  behind  the  shock  front  of  detonation,  in  the  2one  of  heat 
liberation.  Another  assuaption  consist  in  the  fact  that  during 
overcoBpressicn  the  surface  of  the  detonation  front  is  divided  into 


separate  sections  with  a  satooth  and  a  puluatlng  front.  Such  a 
phenoaenon  is  coapletely  possible  on  the  boundary  of  instability 


on  the  smooth  front. 


•Wg.  S8.  ?hoto  acaa  of  ll^t  reflection  in 
glorcide  aloohol  nitrate.  1,  2  -  image  of  an 
llluadnated  diaphragB  on  the  surfaces  of 
separation;  water  -  glaaa  baffle,  liquid 
explosive  -  glass  bottom;  3  -  flash  of  the  air 
gap  between  the  active  charge  and  the  bottom 
of  the  box;  4  -  luBlnaecence  of  the  detonation 
front;  5  -  photo  scan  during  "depiction'’  of 
the  diaphragm  on  the  surface  of  the  detonation 
wave;  6  -  Image  of  the  diaphragm  on  the  surface 
of  the  shock  wave  in  water;  7  -  luminescence 
of  the  detonation  products  of  the  active 
charge  through  a  transparent  bottom;  8  - 
luminescence  of  air  during  dispersion  of  the 
detonation  products  of  a  liquid  explosive  with 
£  free  surface. 


In  subsequent  experiments  liquid  explosives  were  discovered, 
in  which  tha  front  of  normal  detonation  is  smooth:  nitroglycerin, 
dlnltroglyeerln,  tetrar.ltroswthane  (D  ^  6.4  kn/a)  and  a  mixture  of 
nltromethane  with  benzene  in  a  ratio  of  87:13  (D  -  7.0  km/s). 
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Flfciire  39  snows  a  photo  scan  of  the  experiment  with  light  reflection 
from  detonation  with  the  smooth  front.  One  should  note  that  the 
mirror  reflection  of  light  from  the  front  of  normal  detonation  Is 
not  accompanied  by  the  simultaneous  scattering  of  light,  as  takes 
plac#*  during  the  overcomprcasion  of  nltroasthane  and  of  a 
stoichiometric  mixture  of  nitric  acid  with  dichloroethane.  All 
systems  which  detonate  with  a  smooth  front  are  characterized  by 
the  fact  that  with  their  dilution  with  a  aolutlon  which  reduces 
their  heat  content,  the  front  In  them  becomes  unstable.  ?or 
example,  In  a  mixture  of  nitroglycerin  with  methanol  In  a  ratio  of 
36:61»  the  triple  configurations  on  the  front  are  directly  observable 
on  the  photoregister.  With  the  dilution  Of  tetranltromethane  with 
benzene  up  to  a  ratio  of  *»0:60  (D  »  5.35  km/s)  the  ll^t  reflection 
from  the  front  also  becomes  Irregular. 

In  this  way,  it  can  be  concluded  that  thire  exist  a  class  of 

homogeneous  condensed  systeos,  in  which  detonation  as  propagated 

according  to  a  mechanlao,  corresponding  to  the  wje-dlmensional 

theory  of  Zel’dovich,  It  la  Interesting  to  dlicover  a  zone  of 

increased  pressures  on  the  front  of  one-dimensional  detonation  In 

a  liquid  explosive.  However,  in  the  majority  of  the  observed 

smooth  detonation  waves  the  reaction  time  on  the  front  Is  low 

and  is  not  recorded  by  an  electromagnetic  procedure,  the  resolving 

-7 

power  of  which  Is  ~10  s.  An  exception  is  tetranltromethane. 

A  velocity  profile  recording  obtained  for  it  (Pig.  ^0)  showed 
that  on  the  front  of  a  smooth  wave  there  exist  a  pressure  peak, 

CO rrer, ponding  to  the  ’’chemical  pesdc,"  predicted  by  Zel'dovlch's 
one-dinenslonal  theory.  It  Is  characteristic,  however,  that  the 
"chemical  peak"  does  not  have  a  clearly  expressed  induction  period 
(the  width  of  thf  zone  of  the  chemical  reaction  is  approximately 
equal  to  2  mm,  to  which  the  time  of  existence  of  the  substance  In 
It  corresponds,  -0.5  Us). 


Au;bi-u  / 


Pig.  39.  Photo  scan  of  llgjit  reflection 
in  a  Bixtur**  of  tetranltronethane  and 
benzene  in  a  ratio  of  87:13.  1  -  idrror 
reflection  on  the  detonation  front; 

2  ->  mirror  image  of  a  diaphragm  In  a 
shock  nave  in  water;  3  -  llluninatlon 
of  the  detonation  of  the  mixture. 


Pig.  40.  Oaolllogram  of  the  mass 
velocity  behind  the  front  of  one- 
dimensional  detonation  In  tetranltro- 
Etethane . 


For  other  systems  with  a  smooth  front  cne  width  of  the  zone  of 
heat  liberation  cannot  b#  directly  registered;  It  can  be  estimated 
only  obliquely.  It  Is  known  that  in  metal  tubes  the  detonation  of 
nitroglycerin  does  not  propagate,  if  the  diameter  of  this  tube  is 
less  than  1  no.  For  dinitroglycerin  the  corresponding  critical 
diameter  is  4  mm.  Not  one  of  tho  existing  theories  of  the  critical 
diameter  postulates  that  the  zone  of  heat  liberation  on  the  front 
of  detonation  of  these  explosives  is  less  than  0.1  ram,  while  the 
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characteristic  tS*#  of  tbAa  h«at:  litoratlon  l;i  correspondingly  less 

-8 

than  L  s.  If  the  detonation  front  In  these  explosives  «ere 
pulsating,  the  else  of  the  pulsatlona  would  be  of  the  order  of 
dimensions  of  this  aone,  l.«.,  0.1  br*  which  is  significantly 
greater  than  the  ainiaua  dlawiBioni  of  the  lnhos»geneitles  on  the 
front,  resolved  by  the  wthod  of  light  reflection.  From  this 
follows  th'  validity  of  the  conclusion  of  the  smoothness  of  these 
detonation  waves  from  the  obserTanse  of  the  mirror  reflection  of 
light  on  them. 

In  our  discussions  the  assumption  is  tacitly  maintained  that 
the  pulsating  zone  corresponds  to  the  rough  surface  of  the 
dPtonatlon  front,  with  all  the  criteria  described  above  characteristic 
for  it.  In  fact  it  is  coi^letely  probable  that  between  the  class 
of  homogeneous  explosives,  the  detonation  of  which  has  a  one- 
dimenslonal  zone,  and  syatems,  in  which  the  pulsating  character  of 
the  detonation  front  la  clearly  expressed,  there  can  exist  systems 
with  intermediate  properties*  In  which  nonotatlonary  processes 
corresponding  to  unstable  self-i^iitlon  can  be  nanlfesteu.  It  Is 
obvious,  however,  that  if  these  psoewses  are  not  accompanied  by 
a  complex  of  separation  effects,  leading  to  the  hydrodynamic 
restructuring  of  the  front  of  the  detonation  wave,  such  detonation 
will  In  Its  properties  awroaoh  the  detonation  with  a  smooth  front. 

In  this  case  the  nonstationary  processes  in  the  sone  can  actually 
be  classified  as  a  "fine  structure"  of  a  one-dimensional  front, 

5  7.  The  Limit  of  Stability  of  a  Smooth 
Detonation  Front  and  the  Nechanism  of 
Formation  of  a  Pulsating  Zone 

The  theoretical  consideration  of  the  Instability  of  a  model 
of  a  one-dlmsnslonal  stationary  complex,  having  the  saae  detonation 
rate  [*^0,  ^1,  43,  44],  bccasi  traditional  in  evaluating  the 
conditions  for  the  existence  of  a  axsooth  or  pulsating  detonation 
wave  in  gases.  As  follows  from  woric  [453,  in  which  such  an 
investigation  was  conducted  in  the  most  general  form,  an  analogous 
approach  Ir ,  In  principle,  applicable  also  to  liquid  explosives. 
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However,  In  the  litter  eafle  It  Is  pr&etlcilly  impossible  to  solve 
the  given  proble*  to  the  endl,  alne*  for  this  exhaustive  data  are 
necessary  on  the  cheadoil  kinetics  under  conditions  of  detonation 
and  on  the  equation  of  state  of  not  only  the  Initial  explosive  and 
of  the  final  produota,  but  alao  of  all  the  intexisediate  substances. 
We  do  not  have  such  data  avail^le  to  uc  a;;  present. 

In  prlnolplc,  the  problea  of  instability  of  a  smooth  complex 
can  be  8lBq>liflcd  usln^  certain  additional  initial  assui^tions. 

For  exaaple,  in  works  [40,  41]  this  ooi^lex  is  examined  in  the 
fora  of  a  double  separation  (the  shock  front  and  the  front  of 
coD^ustion  are  situated  a  certain  distance  from  one  another}. 
However,  for  practical  application  of  these  worics  It  Is  first  of 
all  necessary  to  be  convinced  of  the  fact  that  the  induction  .od 
is  actually  the  greater  part  of  the  total  reaction  time.  Conversely, 
the  eritsrla  of  instability,  introduced  in  these  works,  turn  out  to 
be  basically  inapplicable. 

A  siinple  example  shows  how  far  such  apprehensions  are  Justified 
for  the  detonation  of  homogeneous  condensed  explosives.  Let  us 
assume  that  we  are  atteeptlng  to  avaliiate  the  stability  of  a 
detonation  front  of  a  shock-eoap'ressed  explosive  with  shock 
initiation  of  the  detonation  in  nltroaethane  or  of  a  mixture  of  it 
with  acetone.  It  is  isposslble,  for  example,  to  evaluate  the 
stability  of  a  transvewe  detonation  wave  in  the  pulsating  zone. 

Even  if  as  a  result  of  laborious  calculations  Shchelkln's  criterion 
is  deteiwinad,  its  application  will  be  Incorrect  for  the  following 
reasons.  Since  the  Initial  density  of  the  Bwdiiai  as  a  result  of 
the  precowpresaion  by  the  shook  wave  is  great,  the  basic  part  of 
the  liberated  ohenlcal  energy  can  transfer  to  the  elastic  part 
of  the  energy  of  the  detonation  producta  [24].  It  is  precisely 
because  of  this  that  the  luminescence  of  the  detonation  of  the 
compi*essed  substance  is  significantly  weaker  than  the  luminescence 
of  ordinary  detonation.  Hence  It  follows  that  the  temperature  on 
the  shock  front  of  this  detonation  and  the  ten^erature  of  its 
products  are  close  to  «wjo  another.  As  a  result,  the  heat  liberation 


10? 


AD751417  -  126 


in  tha  reaction  son*  proe*e<SB  alsest  uni3»r  lsoth»iisic  conditions, 
and  the  reaction  Is  not  self-accalarated.  The  pressure  profile  In 
this  zone  must  be  triangular. 

It  should  ba  noted  that  the  achievenent  of  a  triangular  profile 
for  the  pressure  in  the  zone  may  also  occur  under  ordinary  Icinetics 
of  heat  liberation  behind  the  shock  front.  The  teaperature  in  the 
detonation  front  Is  sufficiently  hi^,  so  as  to  anticipate  the 
effect  of  burnout  of  tho  substance  In  the  initial  stages  of  the 
rr'oeess  of  heat  liberation,  as  a  result  of  which  self-acceleration 
of  the  process  must  att<nuate,  as  follows  from  the  theory  of 
a  degenerated  adiabatic  thernal  explosion  [75].  The  clear 
illustration  of  such  a  possibility  Is  the  calculation  of  the 
pressure  profile  In  the  zone  of  a  one-diaenslonal  detonation  wave 
in  a  gas,  Introduced  In  the  book  of  Zel’dovleh  and  Kompaneyets 
[23].  The  pressure  profile  with  pressures,  temperatures  and 
activation  energy  usual  for  detonation  In  gases  proves  to  be 
triangular.  The  profile  approaches  the  rectilinear  with  a 
significant  increase  in  the  activation  energy. 

The  cited  examples  show  that  cinpirlcally  based  data  must  lie 
at  the  basis  of  the  assumptions,  which  simplify  the  theoretical 
problem  of  the  stability  of  a  detonation  front.  The  experimental 
discovery  of  a  smooth  and  pulsating  front  In  liquid  explosives 
along  with  other  results  indicated  above,  apparently,  can  give  us 
a  basis  for  formulating  appropriate  assumptions.  Moreover,  we  hope 
that  further  accumulations  of  experimental  data  will  allow  us  to 
strictly  Justify  the  below-expounded  qualitative  representations 
on  the  nature  of  a  pulsating  detonation  front.  Let  ua  note  that 
with  the  aid  of  these  concepts  it  is  possible  to  explain  all  the 
known  pertinent  facts. 

Attention  is  first  directed  to  the  fact  that  the  pressure 
profile  in  the  detonation  front  is  in  all  instances,  when  it  lends 
itself  to  observation,  triangular.  Can  we  not  conclude  from  this 
that  the  detonation  front  with  a  triangular  profile  is  bsslsally 
unstable'?  Apparently,  we  can. 
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Actually,  u«  vlU,  as  usual,  aasuae  that  the  reaction  behind 
the  shook  rrcnt  proceeds  according  to  the  law  of  an  adiabatic 
thermal  explosion.  According  to  the  oorrespondlng  theory  [75], 
the  character  of  the  heat  liberation  in  the  reaction  zone  is 
determined  by  two  paraswters: 


where  E  is  the  activation  e-'ergys  c  is  the  specific  heat;  Q  is  the 
specific  heat  liberation;  Tq  la  the  initial  tempsrature  of  the 
shock  heating.  The  first  of  these  paraaaters  with  a  reduction 
leds  to  a  rise  in  the  acceleration  of  the  reaction  as  a  result  of 
the  chemical  self»heatlng  of  the  sedlum,  while  a  decrease  on  the 
second  parameter  increases  the  dependency  of  the  reaction  rate  on 
the  tet^ierature. 

Under  conditions  of  detonation  parametera  B  and  y  are  not 
independent,  this  la  ccainected  with  t  ie  fact  that  with  a  given 
equation  of  state  of  the  iwdiua  the  temperature  of  'he  shock  heating 
Tq  Is  determined  by  the  detonation  rate,  which  is  In  tarn  fixed  by 
the  value  of  the  heat  content.  Slaple  estimates  show  that  all  other 
conditions  being  equal  an  increase  in  Q  leds  to  an  Increase  In 
B  and  y.  Overcorapresslon  of  the  detonation  wave  leds  to  an  analogous 
increase  in  the  parajssters. 

It  follows  fro*  the  theorj  that  a  rectangular  pressure  profile 
of  a  smooth  detonation  front  should  be  obseirved  only  when  y  «  1 
and  fi  «  i.  Conversely,  there  is  no  clearly  expressed  induction 
period  behind  f:he  shock  front,  and  the  presoure  profile  ia  triangular. 
However,  in  accordance  with  the  physical  concepts  of  the  parameters 
B  and  y,  the  leased  omdltlon  denotes  a  strong  dependence  of  the 
reaction  rate  and  Its  self-acooleraticm  on  the  temperature,  and 
consequently,  on  the  gas  djmaadc  parameters  of  the  flow,  which  In 
turn  are  determined  by  the  process  of  heat  liberation.  It  is  not 
difficult  to  see  that  with  sufficiently  small  values  of  0  and  y 
such  an  Interdependence  of  the  parameters  of  the  flow  and  of  the 
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vmvtion  l0(3  to  instobility  of 4«ton«tloe)  front. 

Cont^s^ely.  tfith  I&rgc  values  of  I  and  7,  uh«n  the  pressure  profile 
at  the  detonation  front  Is  triangulari  fi  saooth  front  should  be 
stable-.  Thus,  the  siqjposition  of  iDStabUity  of  the  detonation 
front  aith  a  rectangular  pressure  profile  is  oo^letely  natural, 
and  apparently,  nay  be  justified  by  developing  the  eapounded 
qualitative  consldeirations. 

To  detendne  the  conditions  for  the  existence  of  a  siaooth 
and  pulsating  detonation  one  aiay  proceed  froa  the  other  side. 

Haaely,  In  contrast  to  the  classical  forsulation  of  the  problea 
C40-^53,  one  Bay  study  the  problea  of  the  stable  existence  of  a 
pulsating  detonation  front.  The  Ilndt  of  the  existence  of  a 
pulsating  Eone  uill  also  correspond  to  the  possibility  of  the 
existence  of  a  one-distensional  detonation  wave.  Actually,  if  we 
succeed  in  8howix^;  that  in  a  systea  with  fixed  properties  a 
pulsating  tone  cannot  exist,  then  in  this  systea  a  one-dlaenslonal 
detonation  model  will  te  stable. 

In  order  to  deteralne  under  what  conditions  pulsating  detonatior. 
should  transfer  to  one-dlBensional,  let  us  turn  to  Pig.  26.  It  is 
obvious  that  a  llait  of  the  pulsating  zone  will  begin,  if  in  the 
weak  sections  of  the  triple  configuratlc^s  the  conditions  of  heat 
liberation  approach  the  "degenerated."  More  precisely,  if  behind 
the  shcck  wave,  which  has  a  speed  equal  to  the  speed  of  the  front 
of  the  weak  section,  which  is  lower  than  the  detonation  speed, 
lotion  occurs  iaeaediately  behind  the  front  without  on  induction 
period.  Actually,  the  separation  effect  in  the  head  of  the 
oottfigurationa  appears  as  a  result  of  the  fast  that,  in  proportion 
to  the  distance  auay  froa  the  triple  point  behind  the  shock  front, 
sutual  oonpensatlcn  of  the  self<>beating  of  the  siibotanoe  and  of 
the  odiabatic  cooling  sets  in.  This  leda  to  an  infinite  rise  in 
the  induction  period  and  to  the  dissociation  of  ti  e  douAtle  separation: 
the  front  of  the  shock  wav*  >  the  isnltioa  curfaoe.  With  degenerated 
IdJMtles  such  a  diaaoolatlon  is  Ixpoasible,  since  an  intensive 
raaotlon  begina  iK»»diately  behind  the  shook  front.  Consequently, 
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in  this  case  the  conditions  for  a  trans^sras  detonation  wave  are 
absent,  it  siaply  has  nothing  to  burn.  Hence  It  is  clear  that  with 
degenerated  kinetics  the  detonation  front  aust  be  one-dlmenslonai . 

Returning  once  again  to  the  proof  of  the  ccrrectness  of  the 
nethod  of  light  reflection,  one  may  note  that  the  achieveaent  of 
conditions  of  degsneratlon  will  occur  earlier  than  the  dimension 
of  the  configurations  becosee  equal  to  5*10  nsn,  while  their 
llfetlne  is  10~^  a.  Actually,  as  follows  from  Pig.  26,  the  triple 
configuration  is  a  coapltx  three-stage  set.  The  characteristic 
dimensions  of  the  chettleel  jpeactiai  zone  in  the  region  of  the 
overcocipressed  section  are  one  or  two  orders  less  than  the  dimensions 
of  the  entire  configuration.  Apparently,  the  conditions  of  heat 
liberation  in  the  overcos^ressed  section  even  in  relatively  lean 
niixtures  are  close  to  degeneration,  and  it  is  smooth.  With  the 
total  "lifetime"  of  the  entire  configuration  of  10  s  the  time 
of  the  heat  liberation  in  the  overconpressed  section  should  be 
10”^*^-10”^^  s.  It  is  further  necessary  to  postulate  that  at  a 
certain  distance  froa  the  triple  point  with  such  tines  their  appears 
an  induction  period,  vhich  occupies  the  greater  part  of  the  total 
time  of  heat  liberation  and  fores  a  double  nonstationary  separation. 
There  is  no  doubt  that  the  presence  of  a  clearly  expressed  induction 
period  and  heat  liberation  for  lO"^®  s  for  a  conplex  organic 
substance  is  a  totally  improbable  supposition.  With  such  reaction 
times  it  is  difficult  generally  to  speak  of  the  temperature  of  the 
medium  and  it  is  inadmissible  to  assume  the  presence  of  an  induction 
period  with  a  strong  dependence  of  its  value  on  the  initial 
tenperature. 

In  110it  of  what  has  been  said  it  la  easy  to  explain  all  the 
experimental  facts.  Actually,  parameters  g  and  y  grow  with  the 
decrease  in  the  activation  energy  and  with  the  rise  in  the  heat 
content,  since  Tq  increases  sharply  together  with  Q.  Therefore, 
smooth  detonation  waves  are  more  probable  for  liquid  explosives 
with  large  Q.  They  should  also  take  place  with  sufficient  over- 
cong)rosBlon  relative  to  weak  mixtures  (due  to  the  rise  in  Tq). 
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A  redttfftloo  in  th«  valti*  of  the  aotlvatiosi  enaz>^  abould  also  led 
to  sBoothiicss  of  the  fi'ont.  %e  last  instance «  oosreaponds^  for 
esesple,  to  additives  to  a  liquid  OKplosive  of  substances  «rhieh 
accelerates  reaction. 

It  Mas  shorn  above  that  a  detonation  wave  in  liquid  explosives 
during  Initiation  by  a  shook  wave  la  aluays  fors^d  in  an  over- 
coBipreased  regia*!  froa  which  it  quickly  transfers  in  proportion 
to  the  dissipation  of  the  detonation  products  behind  the  "second" 
wave.  Overooapi*sfllon  at  the  Initial  Bwsent  la  very  great,  the 
pressure  of  the  detonation  products  reaches  alBiost  a  doubled  vadue 
relative  to  the  pressure  of  the  no2^1  detonation  products.  One 
can  aasuae  that  an  overeoBspressed  detonation  wave  is  SBooth  in  all 
liquid  explosives  at  the  initial  sx^ient. 

If  In  the  given  cubotance  noraal  detonation  is  smooth,  with  a 
degenerated  character  of  the  heat  liberation  In  the  zone,  then 
the  overcoBg>re8sed  detotiation  wave  will  transfer  to  normal  without 
any  kind  of  separation  effects.  But  if  norssal  detonation  is 
pulsating  In  the  given  explosive,  then  at  a  certain  stage  of  its 
transition  froB  overcoj^qpresslon  in  the  reaction  sone  of  an  initially 
80100th  detonation  front  an  induction  pertod  will  appear.  Since  the 
transition  from  ovrrcoi^resslon  occurs  rapidly,  behind  the  shock 
front  separation  Bust  begin.  Following  this  separation  in  the 
ideal  case  v>ne  night  Imagine  such  detonation  propagation  conditions, 
under  which  only  longitudinnl  pulsations  take  place,  that  is,  a 
detonation  front  is  initiated,  transfers  from  overoompression,  is 
separated,  Is  again  initiated  etc.  Separation  finally  takes  place 
not  simultaneously  along  the  entire  front,  and  as  a  insult  of  this 
the  usual  regitet  of  pulsating  detonations  is  established. 

It  should  be  noted  that  the  probleai  of  the  boundaries  of 
existence  of  a  SBooth  or  rough  detonation  front  may  prove  to  be 
significantly  more  coisplex,  if  the  given  explosive  has  not  one, 
but  two  stable  detonation  regimes  ->  pulsating  and  sisooth.  In  this 
case  the  actually  existing  regime  is  dttenslned  by  the  Ewohanlsn 
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of  detonation  Initiation  and  In  conforsance  with  what  was  said 
above  In  an  ordinary  shock  Initiation  a  pulsating  regime  exist. 

In  conclusion  let  ue  note  that  the  described  qualitative 
concepts  are  not  as  intlaately  related  with  the  thernal  nature  of 
the  development  of  the  reaction,  as  appears  from  first  glance. 
Actually,  If  we  suppose  that  the  reaction  develops  according  to 
50B8  other  machaniao  (for  exau^le,  a  chain  mechanism),  but  the 
dependence  of  Its  speed  and  self-acceleration  on  the  flow  parameters 
has  an  analogous  character,  then  presented  qualitative  picture  of 
the  formation  of  the  Inhoitogeneities  Is  essentially  unchanged. 
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CHAPTER  ly 

THE  MECHAtilSR  OF  FRQPA6ATION  OF  OETOXATIOR 
IK  SOLIB  EXPLOSIVES 

Hie  pcsalbillty  of  the  transference  of  the  stationary  one- 
diaensional  Zel'dovich  couple*  to  detonation  of  solid  porous 
explosives  is  not  obvious.  In  the  first  place,  it  is  unclear 
whether  in  every  case  a  8''oclc  heating  of  the  explosive  is  adequate 
to  ensure  rapid  occurrence  of  the  chealcal  reaction.  Secondly, 
on  the  strength  of  the  physical  inhoBcgenelty  of  porous  explosives 
the  detonation  wave  front  in  then  is  not  one-dimensional.  Doubts 
on  the  possibilities  of  the  shock  mechanism  have  forced  investigators 
to  advance  other  ideas  on  the  mechanism  of  the  detonation  conversion 
of  solid  exploslvas.  The  moat  popular  conceptions  are  those 
concerning  "explosive  combust Ion,"  according  to  which  the  particles 
of  an  explosive  in  a  detonation  wave  at  first  Ignite  along  the 
surface  and  then  bum  up  [5,  lOi^^loS]. 

At  the  start  of  his  investigations  Apln  [106]  expressed  the 
asauxqption  that  the  products  of  the  explosion  lead  to  detonation, 
l.e.,  that  the  speed  of  the  stream  of  explosion  products  Is  also 
the  detonation  propagation  rate.  In  essence,  this  Is  another 
model  of  a  detonation  wave,  different  from  the  hydrodynamic  modsl. 

At  the  time  when  the  cited  ideas  were  advanced,  direct 
experimental  data  were  lacking.  Therefore,  an  explanation  of 
the  individual  experlasental  facts  on  the  basis  of  these  or  other 

llA 


AU75141 7 


133 


concepts  eere  ei«%ied  ts  proof  of  their  validity.  For  example, 
fro«  the  position  of  explosion  eond)UBtlon  it  is  easy  to  explain  the 
increase  in  the  critical  dlaseter  with  the  rise  in  the  initial 
site  of  the  particle  of  the  explosive.  According  to  the  aodel 
of  explosive  coabuation  the  reaction  ti»e  v  where  i  Is 

the  initial  particle  site,  and  is  the  coifiustion  rate  under 
detonation  pressure.  Using  the  relationship  of  the  reaction  tine 
with  the  critlesl  dlaaeter  according  to  Khariton’s  formula 

t723»  where  c  is  the  speed  of  sound  in  the  reaction 
zone,  the  adherence  sf  the  theory  of  explosive  combustion  assorted 
that  an  increase  in  the  critical  diameter  with  a  rise  in  6  was 
connected  with  an  increase  in  the  reaction. 

Within  the  past  ten  years  experiiaental  aethoos  were  developed, 
which  have  allowed  us  to  directly  determine  both  the  detonation 
parameters  (mass  velocity,  pressure),  as  well  as  the  chemical 
reaction  time.  Hie  study  of  the  effect  of  various  factors 
(porosity  of  the  explo8i'*e,  size  of  the  grain,  dla^ieter  of  the 
charge,  etc.)  on  the  reaction  time  gives  us  a  basis  for  a  more 
detailed  analysis  of  the  mechanism  of  detonation  conversion  of 
solid  explosives. 

{  1.  Experimental  Observation  of  the 
Chemical  Peak  In  Solid  Explosives 

Measurement  of  the  mass  velocity  u(t)  behind  tne  front  of  a 
detonation  wave  allows  us  to  draw  a  number  o;'  conclusions  concern¬ 
ing  the  mechanism  of  the  detonation  conversion  of  the  explosive. 
The  chemical  peak  In  the  detonation  wave  of  a  condensed  explosive 
(cast  coii9)08itlon  "B":  trotyl  -  36?.  hexogen  -  63?,  wax  -  1?) 
was  first  experimentally  dlscovewd  by  Daff  and  Houston  [96]. 
Latter,  for  trotyl  the  dependence  of  the  width  of  the  chemical 
peak  on  t<ie  charge  density  was  Investigated  [109].  In  these 
Works  to  determine  the  profile  u(t)  behind  the  detonation  wave 
front  the  so-called  ’’split-off  method"  was  used  [71].  The 
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essttnce  o?  this  canslits  in  expariBentally  dstts«ining  the 
profile  of  the  ehoek  In  an  inert  iiedluB  (as  a  rule,  a  setal), 
wnioh  is  in  contaot  ^ith  the  detonating  charge  of  the  cxplosiTe. 
Ihe  profile  of  the  shock  wave  in  the  Mtal  is  revealed  by  aeans 
of  the  dctcrainatlon  of  the  dependenoe  of  the  rate  of  travel  of 
the  free  surface  W  on  the  thiekness  of  the  plate  I  (Pig.  41}. 

Here  it  is  assuaed  that  the  dependence  at  V(l)  qualitatively 
reproduces  the  profile  u(t)  (or  the  pressure  profile)  of  the 
detonation  wave  falling  on  the  plate. 


If  on  the  detonation  wave  front  there  exists  a  region  of 
elevated  pressure  (eheadeal  peak),  for  exaiq^le  sections  AB 
(Pig.  42),  then  also  on  the  dependence  of  M{1)  in  the  region  of 
sufficiently  thin  plates  there  should  be  a  section  of  elevated 
velocities,  for  exoaple  section  A'B*  (Fig.  43).  Prom  the  value 
of  1^,  which  corresponds  to  the  point  of  breakoff  of  the 
dependence  W(i)  and  to  the  paraneters  of  the  shock  wave  in  the 
aetal,  we  caloulate  the  width  of  the  sone  a  and  the  tine  of  the 
chemical  reaction  t,  as  well  as  the  pressure  and  the  mass 
velocity  of  the  detonation  products  at  the  Chapman* Jouguet 
point . 


Pig.  41.  Asseahlage  of  the  charge  for  experiments  on  determining 
the  rate  of  travel  of  the  free  surface  of  metal  plates  V.  1  - 
explosive;  2  >  plane  detonation  front;  3  -  metal  plate. 


Fig.  42.  Overall  view  of  the  presaure  profile  in  a  detonation  wave 
according  to  the  modern  theory  of  detonation.  OA  *  shock  front; 

AB  -  chemical  reaction  sene  (chemical  peak);  BC  *  region  of  Isen* 
tropic  esoipe  of  the  detonation  products;  B  *  Chapaan*Jouguet  point. 

Pig.  43.  Assumed  dependence  of  the  rate  of  travel  of  the  free 
surface  of  metal  plates  on  their  thickness,  A*B'  -  region  of 
influence  of  the  oheoioftl  peue;  B'C  *  regi-m  of  influence  of  the 
isentropic  rarefaction  wave. 
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iAter,  th«  chcaeldftl  peak  in  a  datonatlon  wave  of  condensed 
explofilvea  was  suceessfully  recorded  by  the  electromagnetic  method 
[liOj.  Tl:la  sBotbod,  suggested  by  Zavoyakiy,  allows  us  to  track 
directly  the  velocity  of  the  natss  flow  behind  the  front  of  a 
shock  or  detonation  wave.  Ihe  concept  of  this  is  depicted  in 
bx^ef  in  work  [71}.  Methode  of  the  experimental  determination 
of  the  paraseters  of  detonation  are  viewed  in  more  detail  in  work 
[111].  Figure  *56  shows  typical  exaasples  of  oaclllograms  of  u(t) 
on  an  explosive.'paraffln  Interface  and  in  paraffin  at  a  significant 
distance  from  the  interface  of  the  ezp.osive.  In  an  Inert  medium 
one  observes  a  sharp  rise  in  u  in  the  front  of  the  shock  wave, 
in  then  a  smooth  drop.  But  if  the  sensor  of  the  mass  velocity 
is  placed  on  the  explosive-inert  material  interface,  then  a  peak 
on  the  leading  edge  is  clearly  visible  on  the  recording  of  u(t). 

!Ihe  peak  behind  the  front  of  the  detonation"  wave  is  also  observed 
with  the  direct  placeaent  of  the  sensor  in  the  explosive,  if  the 
time  of  the  steep  slope  of  the  front  of  the  oscillograms  is  less 
than  the  time  of  existence  of  the  chemical  peak  t.  As  numerous 
experiments  nave  shown,  the  presence  of  the  chemical  peak  of  the 
mss  velocity  Is  characteristic  for  normal  detonation  regimes 
of  cast,  pressed  and  ooapact  charges  of  solid  explosives, 
significantly  differing  both  in  the  heat  of  explosion,  as  well  as 
In  the  pressures  of  detonation  (pent rite,  tetryl,  h-jicgen,  trotyl, 
asaaoniua  nitrate  and  so  forth).  As  an  example  Fig.  45  shows 
oscillograms  of  the  recordings  of  u(t)  behind  a  detonation  wave 
front  for  several  explosives. 


J — 

a)  b) 


Fig.  4ft.  Typical  recordings  of  u(t)  by  the 
electromagnetic  method  behind  the  front  of 
a  detonation  and  of  a  shock  wave.  The  sensor 
is  placed  on  the  trotyl-paraffin  interface 
a)  and  in  paraffin  at  a  distance  of  10  mm 
frota  the  interface  b);  time  markers  follow 
every  2  y  s;  charged  density  of  the  trotyl 
is  0.8  g/sm]. 
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a) 


Pig.  ^5.  Typical  oscillograms 
of  the  mass  velocity  for  detona¬ 
tion  waves  In  charges  of  explo¬ 
sives  of  various  Initial  density 
Pq.  a)  trotyl,  •  1.59  g/cm3; 

b)  trotyl,  0.7;  c)  tetryl,  1.67; 
d)  tetryl,  0.9  g/cm^. 


With  nigh  densities  In  pressed  charges  of  powerful  explosives 
(pentrlte,  htxogen,  tetryl,  trotyl)  the  mass  velocity  peak  Is 
not  resolved  by  the  elect rotaagnetlc  method,  since  the  time  of  its 
e-nlstence  Is  less  than  the  oscillograph’s  resolution  time.  We 
use  an  oscillograph  with  a  resolution  time  of  'vO.l  ua.  Besides 
this,  the  ti.me  of  the  steep  slope  of  the  leading  edge  of  the 
oscillogram  depends  on  the  inertia  of  the  sensor  and  on  the 
curvature  of  the  wave  front.  The  sensor’s  inertia  exerts  the 
greatest  Influence  on  this  time,  as  experiments  with  sensors 
made  from  various  materials  and  with  various  thicknesses  have 
shown.  The  dependence  of  the  time  of  the  steep  slope  on  the 
width  of  an  alunlnuo  sensor,  obtained  during  measurement  of  u(t) 
behind  a  flat  shock  wave  in  paraffin,  is  characterized  by  the 
following  data: 

width  of  the  sensor,  mm  .  1.0  0.35  0.l6  0.1 

time  of  the  steep  slove,  ps  ♦  0.^5  0,12  0.1  0.1 

As  can  be  seen,  good  results  can  be  obtained  by  using  sensors 
made  from  alualnun  foil  with  a  thickness  of  0.1-0. 2  am.  The  use 
of  sensors  with  a  lesser  thickness  is  not  always  advisable,  since 
they  often  tear  and  do  not  produce  satisfactory  recordings. 


118 


AD/51417 


137 


la  accordance  Mith  the  conclusions  of  tne  contemporary 
hydrodynamic  theory  the  deflection  on  the  u(t)  dependence  should 
be  viewed  as  the  Chapman-Jouguet  point.  At  this  point,  independent 
of  whether  the  shock  front  of  the  detonation  wave  is  smooth  or 
not,  according  to  the  phenomenological  theory  expounded  above, 
the  condition  of  tangency  is  fulfilled  Ir.  the  overwhelming 
majority  of  cases. 

A  check  for  the  fulflllaent  of  the  Chapman-Jouguet  selection 
principle  can  be  made  experimentally,  if  an  overcompressed 
detonation  wave  is  created  and  if  its  propagation  is  tracked. 

If  the  dstcnatlcn  wave  in  a  self-sustaining  regime  would  be 
inadequate,  then  at  a  certain  stage  of  its  formation  from  an 
overcompressed  wave  the  formation  of  a  two-wave  flow  configuration 
would  have  to  be  observed  (see  Pig,  8b).  Ti.o  recording  of  the 
profile  of  the  mass  velocity  using  the  electromagnetic  method 
with  such  a  formulation  of  the  experiment  in  nitromethane  and 
trotyl  (initial  density  of  0,75  g/cm^)  does  not  detect  the 
suggested  two-wave  configuration  in  the  entire  region  of  the 
transition  to  normal  mode.  In  experiments  of  this  type  over- 
compression  was  accomplished  by  the  decoration  of  a  trotyl 
charge  with  an  initial  density  of  1.59  g/cm^  of  the  same 
diameter  as  In  the  main  charge  (60  mm). 

Other  evidence  for  the  presence  of  a  supersonic  flow  of  the 
products  behind  the  front  of  detonation  waves,  the  propagation 
of  which  would  occur  in  an  insufficiently  compressed  regime, 
should  have  been  the  region  of  constant  dynamic  parameters.  This 
jeglon  would  be  directly  behind  the  detonation  front  and  would 
be  inaccessible  for  rarefaction  waves.  Such  a  region  with  the 
use  of  a  flow  profile  by  the  electromagnetic  method  behind  the 
front  of  self-propagated  detonation  wave  in  a  wide  class  of 
explosives  was  also  not  detected. 
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For  id»al  detoiwtlon  (L  »  a»  d  »  a,  where  a,  L  and  d 
correapond  to  the  width  of  the  zone  of  chemical  reaction,  the 
length  and  the  diameter  of  the  charge.  The  profile  of  the  mass 
velocity  within  the  limits  of  the  cheialcal  peaks  is  determined 
Ly  the  kinetics  of  the  chemical  reactions,  and  also  by  the  kinetics 
of  the  dissipative  processes  of  attenuation  of  the  pulsation. 
Conversely,  in  a  rarefaction  wave  a  drop  in  the  mass  velocity 
must  first  be  nonstatlonax7  and  depending  on  L,  while  with 
sufficiently  large  L  it  must  become  stationary  and  depend  on  d. 

The  latter  is  connected  with  the  fact  that  the  dispersion  of 
the  product,  which  on  the  axis  of  the  charge  is  one-dimensional 
at  first,  eventually  becomes  basically  three-dimensional.  For 
an  example.  Figs.  ^6  and  4?  show  the  dependences  of  u(t),  obtained 
by  the  electromagnetic  method  in  charges  of  tetryl  and  trotyl 
of  various  dimensions.  In  these  experiments  the  width  of  the 
reaction  zone  was  not  resolved.  Proa  the  graphs  it  is  clear  that, 
beginning  with  L  >  (2.5-3)  d,  the  profile  of- the  mass  velocity 
becomes  stationary  for  every  detonation  wave.  Since  the  Initial 
value  of  the  mass  velocity  in  all  the  curves  Is  one  and  the  same, 
it  can  be  transferred  to  the  Chapman- Jouguet  point. 

A  comparison  of  the  data  obtained  by  the  electromagnetic 
method  with  the  results  of  the  spilt-off  method  for  composition 
"B"  [96]  and  trotyl  [109]  showed  their  strong  distinction. 

Thus,  for  cast  composition  "B"  «  0.32  ys,  while  according  to 

the  split-off  method  t  •  0.027  us.  An  analysis  of  the  possible 
errors  of  both  methods  led  to  the  conclusion  that  the  deviation 
in  the  dependence  of  W(l)  when  ^  obtained  in  cast 
composition  "B,”  does  not  correspond  to  the  actual  position  of 
the  Chapman- Jouguet  polrit.  The  second  deviation  when  I  «  4-5  mm 
corresponds  to  it.  Daff  and  Houston  did  not  detect  a  second 
breakoff  due  to  the  insufficient  width  of  the  plates  used  by  them, 
which  can  be  seen  from  a  comparison  of  their  data  with  th-  depen¬ 
dence  W(l),  obtained  on  thicker  plates  by  Deal  [112]  (Pig.  48). 

The  dimensions  of  the  charges  in  comparable  experiments  we’-e 
approximately  Identical,  There  is  an  Insignificant  difference 
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in  the  coapositlon  and  the  density  of  the  charges .  Thei’efore 
the  parameters  of  detonation,  obtained  In  work  [96]  for  cast 


composition  "B"  with  Pq  »  1.67 
density  of  p^  ««  1.71  g/cm^,  at 
[112]  were  conducted. 

(a) 


(a) 


(a) 


g/cm^,  were  recalculated  for  the 
which  the  measurements  In  work 


Pig.  ^6.  Dependence  of  the 
mass  velocity  on  the  time 
behind  the  detonation  wave 
front  in  tetryl  with  various 
values  of  L/d.  Straight  line  - 
L/d  «  2;  1  -  L/d  *  3i  2  - 
L/d  •  3  -  L/d  »  6.  KEY: 

(a)  u,  km/s;  (b)  t,  ps. 


Pig.  ^7.  Dependence  of  the 
mass  velocity  on  the  time 
behind  the  detonation  wave 
front  in  trotyl  with  various 
values  of  L/d.  1  -  L/d  ■ 

«  2.5  (d  ■  100  min)j  2  ~  L/d  « 
»  2.25i  5.75;  9.75  (60  mm); 

3  -  L/d  ■  2.5  (i)0  mm).  KEY: 
(a)  u,  km/s;  (b)  t,  ys. 


Pig.  48.  Dependence  of  the 
speed  of  the  free  surface  of 
the  plate  on  its  width  accord¬ 
ing  to  the  data  of  Daff  and 
Houston  (square  points)  an 
of  Deal  (round  points). 

KEY;  (a)  W,  km/s;  (b)  mm. 
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The  calculation  of  the  mass  velocity  u  and  the  width  of 
the  zone  of  chemical  reaction  a  from  the  point  of  the  second 
deviation  give#  values  {u  »  I.9B  km/s,  a  «  i.2  mm),  which 
coincide  within  the  limits  of  accuracy  of  experiment  with  the 
data  of  the  electromagnetic  method  (u  =»  1.9^  km/s,  a  *  1.75  mm) 
[110]. 


Pig.  ^9.  Assembly  scheme  of  the  experiment 
with  artificial  split  off.  1  -  Explosive; 

2  -  paraffin  substrate  with  a  thickness  of 
10  eb;  3  -  aluminum  unit;  w  -  weight  of 
travel  of  the  free  surface. 


Por  the  bend  in  the  W(Z)  dependence  experimenters  recently 
obtained  »  1.63  g/cm^  in  work  [113]  for  pressed  trotyl. 

In  confonnance  with  this  dependence  the  author  divided  the 
pressure  profile  in  the  detonation  wave  into  three  zones: 

1)  the  reaction  zone  -  from  the  shock  front  up  to  the  first 
deflection  when  »  1  mm,  2)  the  dissipation  zone  -  from 
the  first  up  to  the  second  deflection  and  3)  the  zone  of  the 
slow  pressure  drop,  following  the  second  deflection.  The  first 
deflection  is  put  into  confonnance  with  the  Chapman-Jouguet 
point,  prooeedlng  from  the  results  of  Daff  and  Houston.  However, 
an  analysis  of  the  causes  of  the  appearance  of  two  deflections 
on  the  V(Z)  dependence,  obtained  on  the  cast  composition  "B”  and 
pressed  trotyl,  lead  to  the  conclusion  that  the  deflection  when 
Z  1  nun  is  a  consequence  of  the  phenomenon  of  split  off. 

The  distortion  of  the  W(Z)  dependence  as  a  result  of  the 
phenomenon  of  split  off  Is  clearly  visible  from  the  following 
data.  On  the  final  basis  (1-2  nan)  the  rate  of  travel  of  the  free 
surface  W  of  the  aluninua  unit  having  a  thickness  of  8  mm  was 
aeasured.  The  shock  wave  was  created  by  the  detonation  of  a 
charge  of  trotyl  ■  1.<I4  g/cm3.  Between  the  charge  and  the 
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aluolniun  unit  a  plate  icade  from  paraffin  10  nun  thick  was  placed 
(Fig.  ^9).  The  pressux’e  peak,  corresponding  to  the  zone  of 
chSBilcal  reaction,  conpletely  attenuates  In  the  paraffin,  and  in 
the  aluoinua  a  shock  vave  of  approximately  i:rlangular  profile 
Is  propagated.  If  the  alualnun  unit  is  assenbled  from  two  parts 
i*  and  51  of  different  widths,  preserving,  however,  a  mutual 
thickness  Z«1*+5Z»8  Bsn.theti  It  turns  out  that  W  depends  on 
51.  Prom  the  results  of  the  experiment  (Pig.  50)  it  is  clear 
that  with  an  increase  In  51  right  up  to  a  certain  value  ”  1  nun 
W  changes  and  only  when  51  >  51^  remains  constant  and  equal  to 
the  corresponding  value  for  a  continuous  plate  1  »  8  mm. 


• 

. 

1 

• 

Pig.  50.  Speed  of  the  <'ree 
surface  W  as  a  function  of 
51  (artificial  split  off). 

tK«/cBK  »  km/s] 


Pig.  51.  Dependence  of  W(Z}, 
obtained  during  detonation  of 
charges  of  trotyl  (1  and  2)  and 
of  alloy  TO  50/50  (3). 

[KM/caK  ■  km/s] 
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Til©  only  poBBlble  explanation  of  the  detected  dependence 
eoneiflts  in  th©  fact  that  during  the  passage  of  the  shock  wave  to 
the  free  surfaaa  of  the  unit  a  plate  with  thickness  6Zq  2:  ^ 

Is  split  off.  This  thickness  depends  on  the  pressure  profile 
in  th©  shock  save  and  the  dynaiole  tensile  strength  of  the  material 
of  the  plate.  In  the  exaulned  experiments  the  plates  with 
thickness  61  *  61q  fly  off  coB^iletely,  and  the  dependence  ViSl) 

Is  a  consequence  of  averaging  of  the  ic^ulse  of  pint  of  the  shock 
wave  on  the  plate  of  given  thickness.  When  61  >  61^  the  spllt-off 
plate  files  off,  and  therefore  H  is  constant.  Analogous  experiments 
were  conducted  with  continuous  plates  (Z  »  8  tarn),  In  which  the 
spllt-off  plates  were  collected  In  water.  Their  thickness  turned 
out  to  be  close  to  1  mo. 

The  examined  phenomenon,  apparently,  takes  place  for  the 
split  off  method  and  In  determining  the  pressure  profile  behind 
the  front  of  a  detonation  wave.  We  conducted  a  number  of  measure¬ 
ments  using  the  method  of  artificial  split  off,  when  to  determine 
the  dependence  W(Z)  two  plates  were  es?)loyed.  The  thickness  6t 
was  constant  here  and  certainly  leas  than  the  thickness  of  the 
natural  split  off  plate.  The  results  of  such  experiments  with 
charges  of  trotyl  (p^  •  1.59  g/ca^)  with  a  diameter  of  40  mm 
are  shown  In  Pig.  51  (curve  1).  In  these  experiments  plates  made 
from  aluminum  with  61  »  0,3  mm  were  ea^loyed.  For  comparison 
there  (curve  2)  the  results  of  the  experiments  with  the  continuous 
blades  are  shown.  It  Is  clear  that  on  curve  W(l),  obtained  from 
the  experiment  on  plates  without  official  split  off,  there  is  no 
deflection  when  Z  2;  ^  One  split  off  when  Z  2:  4  nnn  Is  observed 
also  on  curve  W(Z),  obtained  In  cast  charges  of  trytol-hexogeg 
50/50  (pq  o  1.68  g/ca^)  with  a  diameter  of  60  aaa  (curve  3). 

Vfhen  this  dependence  was  obtained,  plates  made  from  magneslua 
with  61  ■  0.5  a#  were  used.  Calculation  of  the  parameters  and  of 
the  width  of  the  ohemlcai  reaction  zone  from  the  i  Int  of  deflection 
on  curve  W(Z),  obtained  for  sissies  with  artlfJla.  split  off, 
produce  values  which  coincide  with  the  limits  of  accuracy  of 
«xperla»nt  with  the  data  of  the  electroKsgnetlc  method, 
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It  should  be  noted  that,  besides  the  examined  effect  In 
determining  t  frej;  the  method  of  split  off  even  with  artificially 
calculated  plates,  a  strong  understating  of  the  result  is  possible 
due  to  the  effect  of  the  shock  wave  reflected  from  the  plate. 

This  Influence  depends  on  tha  relationship  of  the  dynamic 
rigidities  of  the  explosive  and  the  material  of  the  plate,  and 
also  of  the  character  of  dependence  t(P).  The  coincidence  of 
the  values  of  time  of  chemical  reaction,  mass  velocity  and 
pressure,  determined  by  the  split  off  method  with  a  calculated 
plate,  with  the  corresponding  values,  measured  by  the  electro¬ 
magnetic  method  for  alloys  of  trotyl  with  hexogen  and  pressed 
trotyl  (pp  "  1.59  g/ca*),  bears  witness  to  the  fact  that  in  the 
given  case  the  effect  of  the  reflected  waves  is  small.  Evidently, 
the  effect  of  a  reflected  shock  wave  on  measurements  by  the  spilt 
off  method  will  be  significant  in  experiments  with  charges  of 
ci..c.pact  density  [111*]. 

The  ratio  of  the  mass  velocity  on  the  shock  front  to  its 
value  at  the  Chapman-Jouguet  point  for  various  explosives 

fluctuates  within  a  range  of  1.3-1. 6.  An  estimate  of  this 
ratio  from  experimental  adiabatic  shock  curves  existing  for 
certain  explosives  gives  a  value  of  i  1.5  [115 >  ll6],  which 

Is  significantly  less  than  the  theoretical  value  for  gases 

■  2.0  (evidently,  this  is  related  with  the  difference  in 
the  equations  of  state  of  the  initial  explosive  and  of  the 
detonation  products). 

The  presence  of  a  chemical  peak  is  characteristic  for  a 
detonation  wave  and  distinguishes  it  from  the  transient  processes, 
arising  during  initiation  of  detonation  by  the  shock  wave  or 
during  its  attenuation  in  charges  of  small  diameter  (d  <  d  ). 

As  was  shown  in  the  analysis  of  initiation  of  detonation  of 
solid  explosives  by  a  shock  wave,  in  the  region  of  formation  of 
the  detonation  wave  from  a  shock  wave  at  flrat  the  profile  u(t) 
does  not  have  a  clearly  expressed  peak.  The  latter  is  manifested 
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only  in  those  stages  of  development  of  a  process,  when  the  speed 

of  the  front  and  the  other  paraaeters  approach  detonation  values. 

A  similar  picture  of  the  transformation  of  the  profile  u(t),  but 

In  reverse  order,  la  observed  In  the  ease  of  attenuation  of 

detonation  in  charges  when  d  <  d  .  Figure  52  shows,  by  way  of 

"P 

example,  oscillograms  of  u{t)  In  a  detonation  wave  with  various 
charged  diameters.  Simultaneous  measurement  of  the  mass  velocity 
and  the  velocity  of  the  front  shows  that  the  profile  u  with  a 
clearly  expressed  peak  on  the  leading  edge  corresponds  to  steady- 
state  detonation  (1,  2,  5,  6),  but  the  other  profiles  refer  to  an 
attenuating  wave  (3,  7,  8).  Qualitatively,  this  means  that 

the  mechanism  of  propagation  of  normal  detonatlor  In  charges  of 
various  diameters  Is  Identical. 

Pig.  52.  Examples  of  oscillograms 
of  the  recording  of  u(t)  behind  a 
detonation  wave  front  in  charges 
of  trotyl  of  various  diameters. 
Upper  row  -  cast  trotyl  (o^  » 

*  1.63  g/cm^):  d  Un  mn):  1  -  itO; 
2-20;  3-16;  4  -  16.  Lower  row 

troty;  (pQ  •  1.0  g/cm^);  d  (In  mm) 

5  -  ^tO;  6  -  30;  7  -  22.5;  8  -  22.5 

The  presence  of  a  peak  for  the  mass  velocity  (for  pressure) 
on  the  front  of  the  detonation  wave  In  cast,  pressed  and  compact 
charges  testifies  to  the  fact  that  the  substance  at  first  is 
compressed  by  the  shock  front,  and  then  reacts.  The  explosive's 
eotapresslon  tine  turns  out  to  bo  significantly  less  than  the 
reaction  time.  Consequently,  In  the  propagation  of  detonation 
In  solid  explosives  a  leading  role  Is  played  by  the  shock  wave, 
l.e.,  formerly  the  detonation  process  is  accomplished  according 
to  Zel'dovich's  Bcheme.  This  gives  us  the  basis  for  thinking 
unjustified  tha  erltlclan  of  the  dynamic  theory  in  Cook's  view¬ 
point,  which  denies  the  existence  of  a  cheml-jal  peak  In  the 
detonation  wave  [21]. 


I'hAr 
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The  presence  of  a  clearly  expressed  chemical  peak  In  the 
detonation  wave  front  of  solid  explosives  also  points  out  tne 
untenablllty  of  the  Jet  mechenisa  as  a  model  of  detonation 
propagation.  If  this  model  existed,  the  front  of  the  detonation 
wave  would  be  greatly  blurred  [117],  Prom  the  model  of  detonation 
propagation  by  stream  products  one  should  distinguish  between 
the  mechanism  of  "explosive  combustion"  as  a  means  for  the  occur¬ 
rence  of  the  chemical  reaction  behind  the  shock  front  of  the 
detonation  wave.  Th.is  means  that  there  still  remains  the 
possibility  of  conductive  Ignition  and  combustion  of  the  particles 
of  the  explosive  behind  the  front  at  the  sites  of  contact  with 
the  products  or  with  compressed  end  heated  air.  It  is  also 
possible  that  the  role  of  the  products  amounts  to  only  purely 
shock  action  on  the  explosive. 

5  2.  Tlie  Effect  of  the  Gas-Permeability 
of  the  Medium  on  the  Propagation 
of  Detonation 

The  propagation  of  detonation  In  charges  made  from 

o 

nitroglycerine  powder  NB  (the  powder  density  is  1.63  g/cm^)  has 
been  studied.  The  experiments  were  distinguished  by  the  configura¬ 
tion  and  placement  of  the  Individual  elements  making  up  the  charges. 
In  all  cases  the  diauneter  of  the  charges  were  60  mm,  the  density  - 
1.3  g/cm^.  The  charges  of  the  first  type  consisted  of  a  flatly 
packed  powder  rod  of  NB,  placed  along  the  axis  of  the  charge.  The 
diameters  of  tne  rods  in  the  rod  In  the  various  series  of  experi¬ 
ments  were  2  mm  and  5  nim,  which  is  less  than  the  critical  diameter 
for  a  compact  powder  N3  (8-10  mm  [ll8]).  Charges  of  this  type 
were  perforated  in  their  entire  length  by  longitudinal  passages, 
into  which  the  detonation  product-?  ^ould  penetrate.  Charges  of 
the  second  type  were  a  set  of  plates  nmde  of  NB  powder,  placed 
normal  to  the  axis  of  the  charge  and  separated  by  air  gaps.  With 
a  plate  thickness  of  3  and  5  mm  (various  series  of  experiments) 
the  air  gaps  were  0,8  and  1.3  mm,  respectively.  This  ensured  the 
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sans  average  charging  density  of  1.3  g/cm^.  In  such  charges  the 
detonation  products  of  the  individual  layers  make  an  Impact;  cn 
the  explosive  layer  lying  in  front  of  them.  Here  the  contact 
surfaoe  of  the  detonation  products  with  the  substance  Is  sharply 
reduced.  And,  finally,  as  the  third  type  ordinary  charges  were 
used  with  random  placement  of  the  powder  particles  of  NB  with  a 
transverse  size  of  ?  mo. 

Experiments  with  charges  of  the  first  type  produced  the 
following  results.  With  the  initiation  of  the  explosive  lens, 
separated  from  the  charge  by  a  plate  made  of  Plexiglas  2  mm  thick 
(the  plate  prevents  :..e  penetration  of  PD  of  the  initiator  into 
the  passages),  the  explosion  occurred  on  the  interface.  High-speed 
photography  shows  that  along  the  axis  of  the  charge  the  process 
propagates  with  Intensive  luminescence  (1,  Fig.  XVI).  At  a 
significant  distance  from  the  front  of  this  luminescence,  the 
front  of  a  second  process,  accompanied  by  the  dispersion  of  the 
substance  to  the  sides,  propagates.  An  electromagnetic  sensor 
also  records  the  two  mass  flows,  which  are  noticeably  separated 
in  time  (Pig.  53).  The  setup  of  this  experiment  is  given  In 
Pig.  5^.  It  is  evident  that  the  intensive  luminescence  of  the 
photograph  and  the  first  signal  on  the  oEclliogram  correspond 
to  the  escape  of  the  explosion  products  through  the  passages; 
the  dispersion  of  the  substance  to  the  sides  and  the  second 
Intensive  signal  with  the  abrupt  leading  edge  on  the  recording 
of  u(t)  refer  to  a  process,  which  Is  also  properly  detonation. 

In  the  charges  of  the  first  configuration,  dlsplte  the  presence 
of  the  products  in  front  of  the  main  wave  front,  detonation 
does  not  propagate  steadily,  and  the  speed  of  its  front  is 
reduced  in  proportion  to  the  distance  away  from  the  site  of  the 
initiation. 

In  charges  of  the  second  and  third  types  detonation  propagates 
steadily.  The  basic  difference  in  these  versions  consists  in  the 
fact  that  in  the  two  last  cases  the  products  have  no  possibility 
of  significantly  expanding,  they  are  decelerated  with  Impact  against 
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the  layers  or  powder  particles,  causing  a  shock  wave  in  them. 

The  aeasurement  of  the  front  velocity  on  the  thickness  of  the 
plate,  the  nsass  velocity  on  the  Interface  of  the  air  and  plate 
and  In  the  plate  Itself  (these  speeds  are  equal)  during  the 
detonation  of  the  charges  of  the  second  type  enabled  us  to 
calculate  the  pressures  developed  during  deceleration  of  the 
products  on  the  interface  with  the  plate  of  the  powder  and  in 
the  plate  Itself.  They  proved  to  be  close  C'vl90,000  atm). 

It  is  apparent  also  during  detonation  of  actual  charges  of 
compact  density  with  random  distribution  of  particles  the  products 
at  the  sites  of  deceleration  create  pressures  which  are  practically 
no  different  from  those  average  pressures  determined  In  the 
experiment. 

Pig.  53.  Oscillogram  of  the  mass  velocity 
in  a  charge  of  powder  NB  with  longitudinal 
passages  at  a  distance  of  50  mm  from  the 
initiation  site.  1  -  Hedk  signal  from  the 
flow  of  products  in  the  channels;  2  -  second 
signal  from  the  detonation  front. 


'  Pig.  5**.  Layout  of  the  experiment  to 
•  determine  the  mass  velocity  in  charges 

;  with  longitudinal  passages.  1  -  Explosive 

,  booster  tablet;  2  -  explosive  lens;  3  - 

plate  made  from  Plexiglas  with  a  thickness 
of  3  mm;  t  -  charge  made  from  rods  of  NB 
powder;  5  -  tablet  made  from  compact  NB 
powder;  6  -  sensor  for  recording  the  mass 
velocity. 


Pig.  55.  Oscillogram  of  the  mass  velocity 
in  charges  made  from  rods  of  NB  powder 
with  passages  plotted  with  paraffin. 
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The  rgie  of  the  preBSure  In  the  initiation  of  the  reaction 
is  even  more  clearly  visible  from  experiments  »<lth  the  same 
charges  of  the  first  and  second  types,  but  without  air  gaps. 

If  the  passages  in  the  charges  of  the  first  type  are  filled  with 
paraffin,  detojiatlon  in  them  propagates  stably  and  the  u(t)  profile 
has  the  usual  form  (Pig,  55).  The  detonation  rate  in  this  case 
coincides  with  the  detonation  rate  of  compact  charges  of  NB  powder 
(D  *  7.6  ka/s).  In  similar  experiments  with  charges  of  the  second 
type  the  detonation  rate  increased  up  to  7.2  km/s  (instead  of 
D  ■  5.7  ka/s  in  experiments  with  air  gaps),  but  remained  less  than 
the  detonation  rate  of  compact  charges.  The  transmission  of 
detonation  from  layer  to  laj'er  Is  accomplished  here  by  the  shock 
wave,  contact  of  the  explosive  with  the  products  is  eliminated, 
and  tne  detonation  process  proceeds  more  intensively. 

Thus,  from  the  cited  data  It  follows  that  the  products  of 
the  explosion  are  prlmbrlly  an  instrument  for  the  creation 
of  e  shock  wave  and  for  initiation  as  a  result  of  shock  heating 
of  the  chemical  reaction.  The  pressure  created  during  deceleration 
of  the  products  against  the  barrier  depends  on  the  aegree  of  their 
expansion.  Under  certain  conditions  In  charges  with  axial  passages, 
which  are  periodically  covered  by  layers  of  explosives,  it  ic 
possible  to  have  an  average  propagation  rate  of  the  front  greater 
than  for  a  coii?)act  charge  of  the  given  explosive  [119 J.  Initiation 
of  the  reaction  is  acc  mpllshed  here  basically  ac  a  result  of 
the  shock  activity  of  the  products.  In  actual  charges  of  porous 
explosives  the  surface  of  contact  of  the  products  and  of  the  heated 
air  wltn  the  substance  in  the  reaction  zone  may  turn  out  to  be 
much  greater  and  conductive  heat  exchange  will  become  significant. 
For  furtner  analysis  of  these  problems  it  is  essential  to  clarify 
the  influence  of  various  factors  directly  on  the  time  of  the 
chemical  reaction  in  the  detonation  wave. 
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(  3*  Effect  of  ths  Structure  iu*.id  of  the 
Charged  DIaaeter  on  the  Detonation 
Paraneter 

Influence  of  the  charge  density 

In  the  experlJMints  regular  eaploalvea  of  the  following 
grain  sizes  were  used;  trotyl  M).12  ca,  hexogen  M).!  mn, 
tetryi  *'>0.25  na,  stabilised  pentrlto  M).^5  an,  dlna  ''<0.7  *»• 

The  grain  size  in  the  pressed  charges  of  the  aane  explosives  were 
not  checked.  Cast  charges  of  trotyl  and  of  trotyl  with  hexogen 
(SO)  were  ohtalnad  fron  sieltlng  with  careful  stirring.  The 
pour  off  had  a  fine-cryital  stinicture.  Hie  diaoeter  of  the 
cast  charges  was  60  bm,  that  of  the  -others  -  ^0  am.  Initiation 
was  done  using  a  booster  tablet  made  of  TO  '50/50  with  a  weight 
of  10  g  and  an  explosive  lens,  forming  a  flat  front.  Experiments 
with  charges  of  various  lengths  (L)  showed  that  with  a  ratio  of 
E/d  ^  202.5  the  paraawters  of  the  'detonated  wave  and  the  reaction 
time  on  its  front  do  not  depend  on  the  length  of  the  charge. 
Therefore,  in  the  majority  of  the  experiments  the  charge  length 
was  not  less  than  2.5  times  greater  than  Its  di&aeter. 

The  mass  velocity  Uj^  and  the  chemical  reaction  time  were 
deterained  from  the  point  of  break  off  of  the  u(t)  profile.  ?rom 
the  values  of  D,  Uj^  and  Tj  the  other  parameters  at  the  Chapaan- 
Jouguet  point  were  calculated;  the  pressure  *  Pq  Uj^D,  the 
density  of  the  products  •  PjD/(D-Uj^) ,  the  polytropy  factor 
of  the  explosion  products  n  •  D/u^-1,  the  width  of  the  zone  of 
ohealoal  reaction  a  ■  (D  •»  u)  The  polytropy  factor  matas 
the  piressure  P  and  the  density  of  the  detonation  products 
(PD)  in  the  environment  of  the  Chnr«an-Jouguet  point:  P  •  Ap". 
The  average  value  of  the  mass  velocity  in  the  zone  of  reaction 
was  taken  as  equal  to  u  ■  (1,25-1.3)  Uj,  since  for  tlie  majority 
of  solid  explosives  the  value  of  the  mass  velocity  on  the  shock 
front  is  (1,5-1. 6)  Uj^.  The  accuracy  of  determining  Au/u  is 
approximately  equal  to  3)f»  while  10-l5!f.  Experimental 
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data  are  .>hown  In  Table  1.  Por  charges  of  trotyl  vflth  an  initial 

2 

density  of  -  1.59  g/cm  and  a  were  obtained  by  the  split-off 
method  with  artificial  split  off. 

From  the  presented  data  it  follows  that  for  all  the  investi¬ 
gated  explosives  trie  detonation  parameters  (D,  p^) 

increase  with  a  rxse  In  Initial  density.  The  pressure  In  the 
detonation  products  grows  with  the  Increase  in  p^  as  a  result  of 
the  rise  in  both  D,  as  well  as  in  and  reaches  <^300, 000  ft.;,  in 
powerful  explosives .  Values  of  the  polytropy  Index  n  for  the 
Investigated  explosives  differ  somewhat  from  one  another  with 
identical  pressures,  which  apparently  is  connected  with  a 
dlff  irence  In  the  composition  cf  the  PD.  Por  all  explosives  an 
increase  in  the  polytropy  Index  at  first  rises,  and  then 
becomes  constant  or  even  falls  somewhat.  But  in  general  under 
great  pressures  (150,000-300,000  atm)  the  values  of  n  are  close 
to  three.  For  all  the  studied  explosives  with  an  increase  in 
pressure  in  the  detonation  wave  the  time  and  the  width  of  the 
zone  of  chemical  reaction  are  decreased. 

Ac’.entlon  Is  drawn  to  the  significant  influence  of  the 
initial  structure  of  the  explosive  on  the  reaction  time.  In 
cast  TNT  explosives  in  comparison  with  pressed  the  reaction  time 
In  the  detonation  zone  Is  clearly  greater.  The  effect  of  the 
initial  structure  of  the  explosive  on  the  reaction  time  In  the 
detonation  wave  should  be  especially  noticeable,  if  experiments 
are  conducted  on  charges  of  various  diameters,  when  the  initial 
structure  (the  size  of  the  partlcies)  influences  the  parameters 
of  detonation  (D,  P  and  so  forth). 
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7abl«>  I.  S«p«n<l6nce  of  the  detonation 
paraneters  and  the  chemical  reaction  time  on 
the  denaltf  of  the  charge  of  solid  explosives. 
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Effect  of  the  dlaswter  of  the  charge 
end  of  the  size  of  the  initial 
pax^icles  on  the  parastetere 
and  reaction  time  in  the 
detonation  wave 

The  majority  of  experiments  were  conducted  with  charges  of 
east  trotyl  of  two  types  of  castings  and  with  charges  of  trotyl, 

KB  powder,  hexogen  and  compact-density  ammonium  nitrate.  The 
trotyl  castings  of  the  first  type  were  obtained  by  cooling  the  m  'It 
with  continuous  stirring.  They  had  a  homogeneous  fine-crystalline 
structure  throughout  the  entire  cross  section  of  the  charge.  The 
density  of  such  castings,  dsterained  by  analytic  suspension  in 
water,  amounted  to  1.62  g/ct?.  Castings  of  the  second  type  were 
aanufacturod  siallarly,  but  the  aelt  was  cooled  without  stirring. 

As  a  result  castings  were  obtained  with  large  crystals,  extending 
from  the  periphery  to  the  center,  and  their  density  was  1,6  g/cm'^ 
on  the  average.  Charges  of  NB  powder  were  manufactured  from 
particles  of  spherical  fora  with  a  specific  weight  of  1.63  g/cm^. 

Ihe  particle  size  of  the  coapact-dcnalty  chai’ges  was  determined  by 
sifting  through  analytic  sieves  and  a  composition  close  to 
Qonodlspersed  was  selected. 

Tn  all  the  experiments  a  powerful  Initiator  was  used,  and  the 
paraaieters  were  determined  under  steady-state  detonation  conditions. 
The  length  of  the  charges  under  conditions  close  to  critical  was 
(10-12)d.  Values  of  u^  and  other  parameters  were  calculated 
from  the  point  of  deflection  of  the  profile  u  »  u(t).  Just  as  in 
the  case  of  ideal  detonation  regimes.  The  calculation  of  other 
parameters  was  made  using  the  laws  of  conservation  for  a  one- 
dimensional  flow,  i.e.,  expansion  of  the  tube  of  the  flow  due  to 
the  cux'vature  of  the  wave  was  disregarded.  The  error  here  is 
apparently  insignificant,  since  are  small,  and  measurements 
are  made  on  the  axis  of  the  charge.  Table  2  shows  experimental 
values  of  the  parameters  of  detonation  of  a  nuober  of  explosives 
in  charges  of  various  diameters  and  with  various  initial  structures. 
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Ttbl®  2.  Rie  dependence  of  the  paraoeterB 
of  detonation  on  the  dlaseter  of  the  charge 
and  the  grain  aise. 
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Tftblo  2  (Continued). 
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KEY:  (1)  Cast  trotyl  -  flrat  type  of  pour  off,  »  1.62  g/c*^; 

(2)  Cast  trotyl  -  second  typo  of  pour  off,  ■  1.60  g/c»3.  {3) 
around  trotyl,  pQ  •>  1.00  S  «  0.1  «m;  (4)  "Scaled"  trotyl, 

pg  •  1.00  g/o*^,  6  «  0.5  bb;  (5)  Trotyl  84$,  -  0.95  s/c*^» 

6  ■  0.5  and  16$,  4  ■  0.1  M,  (6)  Critical  dlaaeter  of  the  chargeSj 
^7)  NB  powder,  Pq  “  1.00  g/c»3^  j  a  0,26  saa^  (8)  ffB  powder,  p^  ■ 

«  1.00  g/co^,  4  •  o.'-Ji  m;  {9)  NB' powder,  »  1.00  g/ca^,  5  » 

2,0  wn;  (10)  NB/Hj?  powdtr,  76/24,  •  I.31  g/cm^,  «  •  0.43  B»j 

(11)  MB  powder,  p^  •  l.OO  g/ca^,  6  •  0.43  bm***;  (12)  Hexogen, 

Hq  •  1.00  g/ca^,  4  •  1,8  mi  (13)  Hexogen,  «  1.00  g/c«^,  4  • 

*  0.15  ran;  (14)  Hexogen,  p^  «  1.00  g/cQ^,  4  -0.45  am;  (15) 
Hexogen/HjO,  72/28,  Pq  •  1.35  g/ea^,  4  »  O.45  an-;  (I6)  Mlcroporous 
hexogen,  Pq  »  1,00  g/cm^,  4  "  I.3  am;  (17)  Detonation  attenuates; 
(18)  Air  was  pumped  out,  Pq  <  1  aa  Hg.;  (19)  ZhV  Saltpeter, 

Pjj  -  0.90  g/CB^,  4  <  0.2  BB. 

[Hr./c«M  -  ka/s;  Tbc-arn  «  thousands  of  at»;  r/cn^  •  g/ca^, 
riHCSK  ■  us] 


AD7bl41V  -  lb6 


Let  ua  excBine  first  of  all  the  dependence  of  the  parameters 
and  the  width  of  the  cheaical  reaction  sone  on  :he  charged 
diameter.  For  all  the  investigated  explosives  D,  Pj.  and 
decrease  with  a  decrease  in  the  diameter  of  the  charge.  Ihe 
index  of  polytropy  of  the  explosion  products  increases  noticeably 
with  sxisll  diameters  of  the  charge,  dlapite  the  fact  that  the 
pressure  is  reduced.  This  is  apparently  connected  with  incotsplete 
chemical  reaction  and  to  a  "worsening"  of  the  composition  of  the 
detonation  products.  Here  two  cases  can  he  realized.  It  is 
poealbl*  for  the  explosive  to  decompose  right  up  to  the  con9)08ltlon 
determined  by  the  conditions  of  equillbrlua  with  given  P  and  T. 

The  other  variant  consists  in  the  fact  that  part  of  the  explosive 
will  not  manage  to  appreciably  react  to  the  point  of  deflection 
of  u(t),  but  will  decoapoae  later  in  a  rarefaction  wave  or  will 
not  react  at  all  as  a  result  of  the  rapid  drop  in  pressure  and 
temperature  during  dispersion. 

Along  with  the  reduction  in  pressure  the  time  and  the  width 
of  the  chemical  reaction  rone  increase  with  a  reduction  in  the 
charge  diameter.  Such  a  dependence  of  the  detonation  parameters 
and  of  the  width  of  the  chemical  reaction  zone  on  the  charge 
diameter  is  direct  experimental  conflrisatlon  of  the  basic  concept 
of  Khariton's  principle  of  detonation  capability  [72j»  according 
to  which  the  possibility  of  detonation  propagation  in  charges 
of  finite  diameter  depends  on  the  ratio  of  the  speeds  of  the 
energy  liberation  as  a  result  of  chemical  reaction  and  energy 
losses  due  to  lateral  expansion,  which  increase  with  a  reduction 
in  the  charge  diameter.  This  leads  to  a  reduction  in  the  parameters 
on  the  shock  front  and  to  an  increase  In  x^.  As  can  be  seen  from 
the  data  of  Table  2,  the  quantitative  relationship  of  Khariton 
H  <*  d  /2  ■  cx  ■  a  „  is  not  fulfilled  (c  is  the  speed  of  sound 

HP  Mp  HP 

in  PD,  a  is  the  width  of  the  chemical  reaction  zone  under  critical 

Hp 

detonation  conditions).  Detonation  ceases  with  charge  diametero, 
tdilch  significantly  exceed  the  reaction  zone  size.  The  critical 
reaction  zone  for  the  investigated  explosives  is  equal  to 
approximately  (0.1-0. 2)  R  . 

Hp 
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L«t  US  turn  to  the  dependence  of  snd  a  on  the  diameter  for 
charges  of  cast  trotyl  of  the  first  and  second  types  of  pour  offs 
(see  Table  2).  Identical  values  of  Pj,  (consequently  c)  and  a  are 
achieved  with  different  diaawten.  Olsplte  the  fact  that  d  of 

HP 

the  charges  of  both  types  of  pour  offs  differ  by  1.7  times, 
and  a  ^  are  equal  within  the  limits  of  accuracy  of  experigMnt. 

Hp 

Consequently,  the  relative  estimate  of  t  with  respect  to  the 
critical  diameters  •  <^2,jp/**2sp  ****  confirmed,  'n>e 

critical  diameter  Is  determined,  obviously,  by  a  whole  list  of 
factors,  which  are  not  taken  Into  consideration  by  these  simple 
approximate  relationships.  Let  us  recall,  for  example,  that  for 
the  initiation  of  detonation  of  one  and  the  same  explosive  of 
different  physical  structure  different  initial  impulses  are 
required.  Thus,  according  to  the  data  of  1^108]  with  the  initiation 
of  detonation  in  normally  cooled  cast  trotyl  a  portion  of  tetryl 
of  15  grams  is  required,  in  slowly,  cooled  -  26  grams,  and  for  very 
slowly  cooled  -  1^4  grama.  In  our  conditions  trotyl  of  the  first 
type  of  pour  offs  detonated  from  a  tablet  made  from  TO  with 
a  weight  of  10  grams,  while  trotyl  of  the  second  type  of  pour  offs 
from  such  an  Inltiater  did  not  detonate. 


Pig.  56.  Scheme  of  the  experiment  for 
photographing  the  front  of  a  detonation 
wave  during  its  passage  from  the  charge 
in  a  Steel  shell  into  a  volume.  1 
mirror;  2  -  basic  explosive  charge;  3  - 
cardboard  shell,  4  -  tteel  shell;  5  - 
initiating  charge. 


To  clarify  the  nature  of  the  critical  diameter  of  solid 
explosives  it  laay  be  interesting  to  note  the  results  of  experiments 
on  the  passage  of  detonation  of  trotyl  charges  in  a  steel  shell 
into  the  trotyl  volume.  The  layout  of  these  experiments  la  shown 
in  Fig,  56.  The  charges  had  identical  density  (-vlO  g/ca^)  and 


Idenlleal  dvtonatlon  psrsaeteirs,  but  differed  in  grain  size  (0.7  and 

2.3  m&).  With  thQ  aid  of  a  high  speed  photorecorder  a  shortening 

of  the  unperturbed  region  of  the  front  of  the  rave  under  the 

effect  of  lateral  rarefaction  wavaa  at  various  distances  from  the 

site  of  transition  of  detonation  froft  the  tube  into  the  volume 

was  observed.  It  turned  out  that  the  front  of  the  wave  is 

shortened  E»re  quickly,  where  the  initial  size  of  the  explosive 

particles  is  greater.  In  the  oase  of  the  NB  powder,  as  can  be 

seen  from  Table  2,  a  change  in  the  initial  grain  size  affects 

not  only  the  value  d^^,  but  also  the  critical  parameters  (D,  Uj^, 

P^),  which  are  so  much  the  lower,  the  greater  Is  6.  The  reaction 

time  close  to  d  ^  are  also  different.  It  follows  from  this  that 
up 

it  is  impossible  to  deteralne  unambiguously  only  from  value 


(1) 


•  ♦ 


^  3  H  5?  % 

(2) 


Pig,  57.  Dependence  of  the  chemical 
reaction  tine  on  the  pressure,  obtained 
in  trotyl  charges  with  various  grain 
sizes  (it  In  Dffl)  with  one  and  the  sane 
density.  1  -  5  •  0, 1-0,5;  2  -  0.1; 

3  -  2.3;  -  0.5.  KEf:  (l)  t,  pa; 

(2)  P,  thousands  of  atm. 


Prom  the  viewpoint  of  the  mechanism  of  the  detonation  conver¬ 
sion  of  the  substance  it  is  important  to  analyze  the  dependence 
of  t  on  the  initial  size  of  the  particles  in  charges  of  coc^act 
density.  If  on  the  detonation  wave  front  particles  of  explosives 
are  burned  froa  the  surface  by  detonation  products  or  by  the 
gas  heated  during  shock  oos^ression  in  the  pores  and  burn  in 
parallel  layers,  then  the  reaction  time  auat  be  directly 
prt^ortlonal  to  the  initial  particle  size  with  identical  pressures. 
However,  a  great  difference  in  the  initial  dimensions  of  the 
particles  (of  5-10  tloea)  dost  not  lead  to  such  t  diffeirence  in  t 
with  identical  pressures.  The  reaction  times  4o  not  depend  on  the 
initial  piurtical  size  of  t"  explosives  (NB  powder,  hexogen)  or 
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they  differ  subtly  (trotyl).  Figure  57  shows  the  dependence 
of  foJf  trotyl,  obtained  In  charges  with  various  Initial 

particle  sizes. 

The  independence  of  fron  6  under  identical  pressures,  shown 
in  the  exazaple  for  NB  powder,  hexogen  and  trotyl,  contradicts  the 
concepts  of  the  aechenisn  of  the  detonation  conversion  of  a 
substance  by  means  of  explosive  coobuatlon  of  the  initial 
particles  of  the  explosive,  acconpllshed  as  a  result  of  their 
ignition  by  the  combustion  products  of  detonation  by  hot  gas 
in  the  pores,  or  else  as  a  result  of  the  heating  of  the 
explosive  Itself  at  the  sites  of  initial  contact  of  the  particles. 
These  concepts  may  in  some  menaure  be  consistant  with  the 
experiment,  if  we  assume  that  the  particles  of  the  explosive 
in  the  front  of  the  wave  are  crumbled  to  extremely  small  sizes, 
which  with  an  identical  amplitude  of  the  shock  wave  are,  practi¬ 
cally  speaking,  independent  of  the  Initial  size  of  the  particles. 
However,  then  it  is  completely  clear  that  It  is  not  valid  to 
connect  with  the  initial  size  of  the  particles.  Consequently, 
the  basic  argument  in  favor  of  the  mechanism  of  explosive 
combustion  -  the  dependence  of  d  on  the  initial  particle 

Kp 

size  -  also  loses  its  force. 

Crumbling  of  the  particles 
in  the  shock  wave 

The  behavior  of  the  particles  of  the  explosives  in  the  front 
of  the  detonation  itself  is  difficult  to  study,  since  the  entire 
pirocess  of  of  coaqjressJon  and  conversion  of  the  initial  substance 
Into  the  product  lasts  only  fractions  of  a  microsecond.  Therefore, 
If  only  to  obtain  qualitative  data  it  is  Important  to  find  a 
study  method,  preserving,  if  possible,  the  specific  conditions, 
which  take  place  In  actual  detonation.  With  this  puirpose  In  mind, 
a  procedure  was  developed  to  maintain  samples  of  porous  explosives 
after  the  shock  loading  up  to  1500-2000  atm  [120],  The 
layout  of  the  experiment  can  be  seer,  in  Pig.  58.  The  presence 
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of  s  par&ffin  betMton  a  atael  dish  and  the-  studied  saople 

facllitatad  detendnation  of  toe  p&rcBoters  of  the  shock  uave, 
sntering  Into  the  and  excluded  the  possible  influence 

on  it  of  the  elastic  wave  in  the  steel.  The  studied  saoples  were 
enclosed  In  a  slass  or  steel  shell  and  put  into  a  container  with 
water,  which  ensured  favorable  preservation  conditions.  The 
active  charge  and  the  elenenti  of  the  structure  were  selected 
In  such  a  weuf,  that  the  steel  boundary  was  not  penetrated 
and  so  that  there  was  no  contact  of  the  studied  sample  with 
the  PD. 

Pig.  58,  Layout  of  the  experiment  for 
preser'i/lrug  the  substance.  1  -  Explosive 
charge;  2  -  steel  boundary;  3  -  paraffin 
plate;  ^  -  studied  sample;  5  ~  container; 

6  -  water. 


Different  variants  of  setting  vp  the  experiuients  were 
developed  and  used,  in  which  with  an  Identical  wave  amplitude 
the  duration  of  its  effect  was  aseasured  and  in  which  the  air 
was  pumped  from  the  samples  up  to  <_  1  mm  Hg.  In  the  majority 
of  the  expsrijsents ,  except  for  those  indicated  specially,  the 
time  of  action  of  the  shock  wave  was  15-30  ys.  The  ampAitude  of 
the  shock  wave  was  not  directly  measured  in  the  studied  samples . 

It *8  measurements  In  paraffin  produced  1700  ata. 

Small  differences  in  the  initial  densities  of  the  paraffin 
and  the  studied  explosives  permit  us  to  assume  that  the  pressures 
in  the  latter  were  approximately  the  same  as  in  paraffin,  l.e., 
1500-2000  atm. 

The  saaplss  preserved  after  compression  of  the  shock  wave  were 
studied  under  the  microscope  in  order  to  clarify  the  destruction 
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of  the  initisl  structure  of  the  psrtlelas  and  «  granulc«atrlc 
an«lyels  of  then  was  aude.  The  particles  vare,  as  a  rule,  large 
congloaeratea ,  easily  destroyed  under  a  load  of  "vl  kgf/ea^.  The 
breakdown  of  such  congloBcrates  into  particles  was  aade  ue-ing  an 
ultrasonic  disperser  UZM-1  in  water.  A  staiilar  treatawnc  using 
ultrasonics  of  the  Initial  substance,  not  subjected  to  shook 
action,  for  a  slgnifleanfly  greater  tiae  period  does  not  destroy 
the  particles.  After  drying  and  separation  the  rela';l\e  quantity 
n/fij  and  the  weight  percent  P/Pj  of  particles  of  gl>-en  slse  were 
dster»lned  (n^  and  Pj  are  the  total  nuidjer  of  particles  at  the 
wel^t  of  the  analysed  sassjle,  respectively ) , 

To  develop  a  procedure  and  to  clarify  certain  general  rcgalsrltles 
of  the  behavior  of  particles  of  solid  substance  in  che  front  of  the 
shock  wave  the  first  experisents  were  conducted  with  sataples  of  an 
Inert  substance  at  polyst  density  of  polystyrene 

is  1.1  g/cB^).  In  the  Initial  state  the  polystyrene  particles 
are  coaqjletely  transparent,  and  It  is  easy  to  observe  in  them 
the  emergence  of  defects  and  cruiibiing  ufter  shock  action,  tn 
Individual  granule  of  polystyrene  with  an  Initial  cross-sectional 
diameter  6  ■  3-5  an  is  converted  into  a  crumbled  and  caked 
conglomerate,  flattened  across  the  directlcm  of  propagation  of 

O 

the  shock  wave,  A  porous  sample  of  cooppct  density  ('vO.T  g/cn*') 
of  these  sane  particles  oruaiJles  even  more  intensively.  But  if 
the  cavities  in  this  sample  are  filled  with  wator,  the  particles 
keep  their  initial  shape,  but  lose  the  transparency  and  turn  out 
to  be  penetrated  cracks. 

The  Influence  of  the  shock  wave  on  the  following  explosives  was 
further  investigated:  trotyl,  hexogen,  powder  MB,  ammonium  nitrate. 
Porous  samples  of  trotyl  (a  density  of  ^1.0  g/cm^)  were  prepared 
froa  particles  of  "scaled"  substance  with  a  diameter  of  6  «  0.4  to 
1.0  BB.  During  prolonged  activity  of  the  shock  wave  (MS-ZO  ps) 
the  particles  cruid)le,  are  pressed  and  form  a  single  conglomerate. 

At  individual  sites  of  the  congloaerate  scorched  dark  spots  are 
visible.  They  are  disseminated  into  the  mass  of  the  substance 
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whish  was  not  touched  by  ttw  coaposltlon.  A  reduction  in  the  time 
of  the  affect  of  the  shock  wsve  of  up  to  3-5  i's  does  not  change 
the  granuloKWtrlc  coagwisltioft  of  the  crujabled  substance,  but  has 
a  significant  affect  on  the  degree  of  scorching  of  the  congloaerate , 
In  this  case  In  e  cruaibled  and  caked  3aEq)le  there  can  be  see*' 
only  a  nuclei  center  of  the  reaction  with  a  sice  of  'vO.Oi  icw 
with  a  concentration  of  5-10  per  1  cb  . 

Saaples  of  hexogen  (density  of  ''<1.0  g/cm^),  composed  from 
aonocrystalllne  particles  (S  ®  0. 4-1.0  am),  were  managed  to  be 
presenrsd  only  In  the  experlmente  with  air  removal  up  to  Pq  <  1 
an  Hg.  The  8iB?>le8  with  air  burst,  which  was  recorded  from  the 
destruction  of  the  shell.  It  is  difficult  to  judge  the  character 
of  the  explosion  from  these  experljaents.  Preserved  samples  were 
conglomerates  of  crumbled  and  caked  particles  without  noticeable 
traces  of  decoaposition. 

Samples  of  ballistite  powder  NB  had  an  initial  density  of 
'wi.O  g/cm^  and  were  aanufacturcd  from  spherical  particles 
6  •  0,37-0,5  m*  After  the  action  of  the  shock  wave  the  samples 
did  not  crumble  and  did  not  cake,  and  a  few  particles  only  lost 
their  spherical  shape. 

In  Investigating  granulated  asaconlus  nitrate  with  an  Initial 
density  of  'vl.O  g/ea^,  S  •  0. 4-1.0  as  a  steel  cylinder  was  filled 
not  with  water,  but  with  batting,  so  as  not  to  dissolve  the 
preserved  aample.  For  the  same  reason  treatment  of  the  latter  by 
ultrasonics  was  also  made  not  in  water,  but  in  methyl  alcohol. 

The  preserved  samples  were  cruiibled  and  caked  conglcaerates 
without  noticeable  traces  of  decoiaposition. 

/(asults  of  the  granuIoRStrlc  analysis  of  the  perserved  sasiplos 
for  va.'ious  substances  are  shown  in  Table  3  and  in  Figs.  59-51. 

For  hexogen  d&ta,  obtained  during  the  action  of  shock  waves  o' 
various  intensity  on  the  sample,  ajre  presented.  A  different 
intensity  of  the  shock  ware  was  obtadned  by  varying  the  thickness 
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of  fth«  !B9tal  boimdary.  Ihe  paraastara  of  the  thock  wave  were 
not  aieseursd.  A  notioeable  reduct*  on  in  its  aa^Iitude  could  be 
qualitatively  aeasured  froa  the  reduction  in  the  deforasatlon  of 
the  boundary. 


Fig.  59.  Results  of  granulooetric  analysis 
of  the  preserved  sattples  of  hexogen. 
Quantitative  (1)  and  gravimetric  (3)  distri¬ 
bution  of  particles  when  P  *  1500-2000  atm: 
quantitative  (2)  and  gravimetric  {h)  distri¬ 
bution  of  psurtiele..  when  P  <  1500  sta. 

[mh  ••  y] 


Fig.  60,  Results  of  granulometric  aijalysis 
of  the  presem^ed  samples  of  ammonium  nitrate. 

1  -  Quantitative  distribution  of  particles; 

2  -  gravimetric. 

[mh  •  y] 


Fig.  61.  Results  of  granulometric  analysis 
of  wie  preserved  samples  of  trotyl.  1  - 
Quantitative  distribution  of  particles; 

2  -  gravimetric. 

[(IK  -  y] 


Pros*  the  presinted  data  it  is  clear  that  even  with  a  low 
(in  cooparison  with  the  detonation)  aaqslltude  of  the  shock  wave 
there  occurs  a  strong  change  In  the  initial  structure  of  porous 
samples  of  various  substances.  If  In  the  case  of  polystyrene 
even  airound  60$  (by  weight)  of  the  partlclea  do  not  crumble. 
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tr.en  core  than  90S  of  the  mass  of  preserved  particles  of  hexogen, 
trotyl  and  aitimonlum  nitrate  comprise  particles,  the  size  of  Khich 
is  ppproxlmately  one  order  less  than  the  initial  size.  A  maximum 
of  the  gravimetric  distribution  corresponds  in  these  cases  approxi¬ 
mately  to  an  identical  final  size  of  the  particles  ('vi5-it0  p). 

The  results  of  the  quantitative  and  gravimetric  distribution  of 
particles  of  hexogen  of  the  studied  size,  obtained  with  various 
amplitudes  of  the  shock  wave,  allow  us  to  draw  the  qv-ilitative 
conclusion,  that  the  degree  of  crumbling  undvr  the  investigation 
conditions  depends  on  the  amplitude  of  the  shock  wave  acting  on 
the  sample.  With  an  increase  in  the  pressure  the  weight  percentage 
of  fine  particles  increases  and  the  distribution  maximum  shifts 
to  the  side  of  a  decrease  in  their  final  size. 


Table  3.  Granulometric  analysis  of  the  crum¬ 
bling  of  particles  of  polystyrene  in  a  shock 
wave . 


(if 


(2) 


/.  MO  1  0.1 

O.i-o.j 

•.i-0.4 

0,4-1 ,0 

1, 0-1.5 

<*'«.  O.U 

O.GS 

0.01 

9.004 

HP,  }  e.m 

O.M 

#.« 

o.M 

O.M 

( A )nojactKf a.t.  i.O aa 

*. «  0.4  1 

•.4-5  •  1 

5.0-1 .5 

5,S-3.5) 

s.o-s.e 

O.M  i 

O.Ot 

0.007 

D.ud 

Hft 

O.W 

e.«* 

o.s 

D.U 

KEY:  (1)  Parameters}  (2)  Results  of  the 
analysis;  (3)  Polysty.'ene,  6^  -  1.1-3. 5  mm; 

(<))  Polystyrene,  -  3. 5-5.0  mm. 


The  discovered  change  In  the  initial  structure  of  the 
explosive  Is  a  result  of  the  integral  action  on  the  sample  of 
several  factors,  of  which  we  should  note  primarily  the  shock 
compression  in  the  front  and  vhe  subsequent  action  of  the  high 
pressure  in  the  rarefaction  wave.  It  is  neceosary  to  explain 
which  of  these  factors  is  decisive,  since  under  detonation 
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conditions  what  is  important  lo  only  what  occurs  with  the 
substance  on  the  shock  front  and  for  times,  not  exceeding  the 
reaction  time  (x^  <  1.0  ps). 

The  obtained  results  permit  us  to  assume  that  the  crumbling 
and  pressing  of  the  samples  occurs  basically  in  the  front  of  the 
shock  wave.  This  is  borne  out  by  experiments  with  polystyrene 
and  trotyl.  Thus,  porous  sarnies  of  polystyrene  are  Intensively 
crundiled,  while  in  water-filled  sai^les  the  particles  do  not 
lose  their  initial  shape  with  an  approximately  identical  duration 
of  the  phase  of  eosqsression  and  expansion.  The  difference  in 
these  two  variants,  apparently,  is  in  the  possibility  of  shifts 
of  the  substance  in  the  very  front  of  the  shock  wave  in  the 
case  of  porous  samples.  The  filling  of  the  cavities  with  water 
made  the  sample  continuous  and  thus  reduced  the  possibility  of 
relative  shifts.  The  shock  wave  amplitude  Increased  as  a  result 
of  the  increase  in  the  initial  density  of  the  sample,  while  the 
degree  of  crumbling  fell  sharply. 

Experiments  with  samples  of  porous  trotyl  showed  that  the 
change  in  the  length  of  the  shock  wave  does  not  effect  the  final 
distribution  of  particles  with  respect  to  the  dimensions,  but 
does  strongly  effect  the  degree  of  scorching  of  the  conglomerates. 
It  follows  from  this  that  burning  arises  and  is  developed  for 
times,  significantly  greater  than  the  compression  time  on  the 
front  of  the  shock  wave,  while  crumbling  and  the  formation  of 
conglomerates  :-roceed3  in  the  very  front  of  the  shock  wave. 

The  fact  that  the  punqplng  of  air  from  the  trotyl  and  hexogen 
samples  to  pressures  of  Pq  ^  1  nan  Hg.  in  the  first  instance 
eliminates  the  appearance  of  scorched  conglomerates,  and  in  the 
second  -  the  explosion  of  the  samples  during  the  experiment 
allows  us  to  assume  that  the  heating  of  the  compressed  air  Is  the 
basic  source  of  the  Initiation  of  combustion.  A  minimum  estimate 
of  the  heating  of  the  air  can  be  obtained  by  assuming  that  it  is 
compressed  adlabatlcally  up  to  the  pressure  in  the  shock  wave. 
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For  P  «  2000  atm  such  an  estimate  produces  T  lOOG^'K  [55]. 

It  Is  ap;.arent  that  at  s-c.*.  exr.'rarorer  and  with  the  diuatljn  of 
Che  a' lion  of  the  shock  av  >j u  ■  cue  ;v  1;.  tne  por-fS 

Is  cap'.ili  01  Ignitlr.i;  la-  neniloi-ei.  exc*;  ■  . 

Alcng  with  the  corhusllon  as  a  result  cl  ii.c-  wanting  cf 
the  air  In  the  trotyl,  rcacittu  fo:;  ■ » ..  ,,f  pine  biao 

dots  are  observed,  Vhelr  amoarar.oe  :  c  ,  n  the 

pr  ae.nce  of  air  in  the  por.,'S  ana  It-  i  :■  i  •  '  •  t  ('  ine  shocr 

wave.  Apparently,  a  r-*.  . for  i:.e  appea- ■n  v  i  ,  „  *1  of 

Lnitialicn  of  reaction  lo  the  plastic  ae-‘o >-^..-11)  >  ct  the  expi..-,.  . 
during  packing  in  the  front  uf  th.-  nooi;  auvo.  fu.-ti  foci  vovf 
(bscrved  cy  oukhikh  and  KS.arito!.  i:;  ;ampl(-t  •  f  ,  ■*  t  rrctyi  curir.. 
their  sufficiently  rapid  de format  1  <  In  tost'  atlng  a  file  uii.er 
At  the  present  time  it  ^.s  wioely  ac know geo  that  In 
S'  'c  exp2<''v~3  t' c-  e.'cttat'.or,  of  the  explosive  with  mechanic'.', 
acrlot.  rr-'ct-ds  as  a  rr-.sult  ’relastic  defomt !>'•  bul 

the  effect  of  aJr  in  sur  case  U.  ui.30  c'.  viou.;.  Theoefere  ‘i.''' 
preoien  arises,  to  wnai  uegree  can  the  obtained  c' ita  on  th- 
crumbling  of  the  substance  and  the  initlat.’,  •  fi  1. 

ly  air  I'.e-ited  during  compression  .•  ii  of  plastic 

st  forma'.  1  c.  le  transfcr'’Pd  lo  *.'.i  -  letonnt  ionV 

dli.ce  i:'.  the  front  '  i..  ^  vor.  . tlo.i  the  pros.sure  is  o.te 

or'ler  or  more  higher  iha/i  iha’  'r.  tist-  ex.''minf d  03."=  0,  c^umhllns’' 

&!•■;  plastlr  deformations  'vl.:  o- t  la.tv  pic-ce  trie-:  i  a  .esscr 
degf-.tr.  '.vit;.  respect  to  the  igniti.  «•  r.^]'?  o*'  'J:-  air  (or  of  the 
t  •  .  jc'.  a  Q.-'flniie  conclusion  'xn..-'  1  C'-wn  fact  is  that 

unic.-  the  examined  ccr.dltl  tue  Ir.aU'JnK  r  ■  of  the  air 
anci  ine  decomposition  cf  a  notlceabi.  !'”o  !(;>;,  c  pg.j  pvpigsj^vp 
b.\  ,'^ejns  o."  ourning  occur  ft^r  I  mn  uork-i,,  '-.h'  c!  e/c?ed  by  one 
or  two  orders  the  tlm^s  characterl  ‘  •  .r  eepor -.r. Ion  (sc?  Table 

On  ti.e  other  ;'iand,  unier  nig.,  dynatic  prp'js'j'’er  tne  rate  v '' 
combustion  ma^  Incre'ise  slgnl  flrant  1  v  it  Jepender  r  cl'  how  It 
arose  (the  ignUion  ly  detonation  frodu-ts,  by  rected  air,  or 
as  j  result  of  the  warming  of  t'.-'  explcslv'  it-eir  at  Individual 
cent  ers . 
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Effect  of  flxilng  with  water  or  the 
reaction  tl»e  in  a  detonation  wave 

The  posalblllty  of  ignition  of  the  explosive  by  heated 
air  or  by  reaction  product#  in  the  front  of  a  detonation  wave 
can  be  eetabllehed  froa  the  following  experinents.  If  the 
Initiation  of  the  reaction  in  a  detonation  wave  is  caused  by 
the  igniting  effect  of  heated  gases  or  streams  of  reaction 
products,  then  filling  the  pores  in  the  charges  of  explosives 
with  water  should  effect  the  magnitude  of  the  reaction  time 
in  the  detonation  wave.  In  experiments,  however,  this  is  not 
detected.  As  was  noted  above,  independent  of  the  size  of  the 
initial  particles  of  explosives  all  the  experimental  points 
lie  on  one  curve  t  »  t(P).  On  this  same  curve  also  lie  the 
points  obtained  In  water-filled  charges  (Pig.  62). 


Pig.  62.  Dependence  of  the 
reaction  time  on  the  pressure  in 
the  detonation  wave  of  charges  of 
NB  powder  a)  and  hexogen  b) 
of  different  structures, 
a)  1  -  6  -  0.26;  2  -  0.43;  3  - 
2.00}  4  -  with  water;  5  -  vacuum 
up  to  Pq  ■  1  ma  Hg;  b)  1  -  6  » 

-  0.15;  2  -  0.45;  3  -  1.80; 

4  -  micro-porous;  5  -  with  water. 
[mhcsk  ■  ps;  Tuc.aTM  ■  thousands 
of  atm] 

By  analogy  with  the  experiment  on  cruiribllng,  where  air 
removal  down  to  pressures  of  less  than  1  mm  Hg.  significantly 
effected  the  emergence  and  development  of  the  explosion,  experiments 
were  conducted  on  determining  the  reaction  time  in  the  detonation 
wave  with  vacuum-treated  charges  of  NB  powder.  The  parameters 
and  time  of  reaction  also  did  not  change  (see  Pig.  62).  Thus, 
the  obtained  results  mean  that  the  ignition  of  the  particles  of 
the  explosive  by  the  heated  gas  in  the  pores  and  by  the  detonation 
products  is  absent. 
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The  totality  of  the  experimental  material  presented  permits 
us  to  assert  that  during  detonation  of  both  compact  as  well  as 
porous  solid  explosives  the  chemical  reaction  Is  initiated  as 
a  result  of  tne.  heating  of  the  explosive  Itself  under  the  action 
of  the  shock  wave.  This  cdncluslon  is  confirmed  by  estimates 
of  the  temperature  of  che  shock  compression,  obtained  by  the 
basis  of  a  study  of  shock  compressibility  of  explosives  in 
coii3>Bct  and  poirous  states. 

S  t.  Shock  Coa^resslblllty  and  Heating 
of  Solid  Explosives 

Various  experimental  data  [71,  80,  122,  123]  are  currently 
In  wide  usage,  along  with  the  concepts  of  the  theory  of  a  solid 
body,  to  describe  the  thermal  dynamic  properties  of  condensed 
subcfcances  under  high  dynamic  pressures. 

Zel*dovlch  [8o]  suggested  the  use  of  curves  of  dynamic 
compressibility  of  a  substance  with  various  initial  densities  to 
obtain  information  on  the  thermodynamic  parameters  under  high 
pressures.  The  collection  of  such  data  for  solid  explosives  Is 
Impeded  by  the  fact  that  they  quickly  decompose  under  the  action 
of  even  relatively  weak  shock  waves.  The  existing  experimental 
data  on  shock  compressibility  of  sc?l(i  explosives  are  limited  only 
to  several  substances  with  a  density  close  to  a  monocrystal  [115, 
116],  Definite  successes  have  been  achieved  In  works  [124,  125], 
where  formulas  were  suggested  for  calculating  the  shock  adiabatic 
curves  of  various  substances,  including  liquid  and  compact  solid 
explosives,  from  the  known  values  of  the  speed  of  sound  in  the 
normal  state. 

With  respect  to  porous  explosives  only  the  first  attempts 
hhVB  been  made  [126,  127].  In  the  process  of  compression  of 
a  porouB  explosive  In  the  front  of  the  shock  wave  there  may  occur 
the  partial  chemical  decomposition  or  phase  transformation  and  the 
itate  obtained  after  compression  will  be  classified  as  a  mixture 
of  Che  initial  substance  and  of  the  second  phase.  All  this 
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Imposes  Increased  requirements  on  the  ejjperlmental  technology 
and  treatment  of  the  obtained  results. 


For  high  accuracy  and  the  avoidance  of  possible  errors  the 
experimental  determination  of  the  shock  compressibility  of  porous 
explosives  is  most  conveniently  made  by  the  simultaneous  measurement 
of  the  mass  velocity  (Uq)  on  the  Interface  of  the  1  lert  boundary  - 
studied  explosive  and  of  the  velocity  of  the  front  (D)  on  a  finite 
measurement  base  under  conditions  of  action  of  the  shock  wave  of 
rectangular  profile  [128].  The  scheme  of  the  experiment  is  shown 
in  Pig.  63.  The  width  of  the  air  gap  and  the  thickness  of  the 
paraffin  plate  between  the  charge  of  the  explosive  and  the  studied 
sample  were  selected  in  such  a  way  that  a  rectangular-profile 
shock  wave  acts  on  the  sacqjle. 


Pig.  63.  Layout  of  the  experiment  for 
determining  the  shock  compressibility  of 
an  explosive  by  the  electromagnetic  method. 
1  -  Diteetor;  2  -  studied  sample;  3  - 
paraffin  boundary;  ^  -  air  gap;  5  -  ring; 

6  -  charge;  S  -  shock  wave  velocity 
measurement  base. 


A  study  was  made  of  the  shock  compressibility  of  porous 
samples  of  NB  powder  (Pq  *1.0  g/cm^),  majiufactured  from  spherical 
particles  of  two  sizes  -  0.43  and  2.0  nun,  and  of  hexcgen  of  the 
same  density  from  monocryatalline  particles  0. 5-1.0  m,  and  the 
shock  adiabatic  curve  of  compact  powder  NB  wa?  also  obtained. 

For  an  example,  Pig.  64  shows  typical  oscillograms  of  the  recording 
of  the  profile  u(t)  on  the  Interface  of  the  paraffin  -  inert 
substance  (:.dCl)  and  of  paraffin  -  studied  explosives  (NB  powder). 
Under  comparatively  low  pressures  (-vlO.OOO  atm)  recordings  of 
u(t)  do  not  basically  differ.  This  means  that  the  explosive 
behaves  l.iertly,  and  there  is  no  noticeable  decomposition  of  It 
during  the  experiment. 
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Pig.  64.  Recordings  of  u(t)  on  the 
Interface  of  paraffin  with  MaCl  and 
NB  powder,  a  -  NaCl,  P  10,000  atm; 
b  -  S&Cl,  P  50,000  atiuT  c  -  NB 
powder,  P  ^  To, 000  atm;  d  -  KB  powder, 

P  ^  SOjOGO^atn.  The  time  scale  - 

ys.  Second  sharp  rise  In  the  record¬ 
ings  of  u(t)  corresponds  to  the  moment 
of  passage  of  the  measurement  base 
by  the  wave  front. 

Under  higher  pressures  (for  NB  powder  ''<50,000  atm)  the 
decomposition  of  the  explosive  leads  to  a  sharp  drop  in  u 
Immediately  behind  the  front  of  the  shock  wave.  In  connection 
with  this  the  question  arises,  what  value  is  u  to  take  on  the 
csclllogran  for  the  value  of  the  mass  velocity  cn  the  interface 
of  U,j. 

Values  of  Ug  were  always  obtained  by  the  extrapolation 
of  the  recording  of  u(t)  to  t  ■  0  (the  moment  of  the  start  of 
ttovament  of  the  detector).  Obviously,  under  these  amplitudes  of 
the  shock  wave,  where  the  profile  u{t)  is  rectangultr.  at  It-ast 
during  the  passage  of  the  base  of  mea8U.'’ement  (S,  Fig.  ti)  such 
an  extrapolation  does  not  Introduce  a'idltional  error,  and  the 
obtained  values  of  D  and  Ug  correspond  to  one  and  t ’.e  same  date. 

But  in  cases  where  in  the  recordings  of  u(t)  a  peak  appears, 
the  extrapolation  to  t  »  0  maker-  it  possible  to  avoid  errors 
connected  with  the  effect  of  decomposition  of  the  explosive. 

The  point  with  maxlmuic  u  value,  strictly  speaking,  should  not 
be  considered  to  be  a  point  on  the  shock  adiabatic  curve  of  the 
explosive,  since  for  the  time  of  the  steep  slope  of  the  leading 
edge  of  the  oscillograms  a  noticeable  portion  of  the  explosive 
might  already  have  reacted.  Since  the  sharp  drop  in  u  behind  the 
rectangular  wave  is  caused  by  the  occurrence  of  the  chemical 
reaction,  the  extrapolation  of  the  dependence  u(t)  to  t  -  0  gives 
the  point  on  the  shock  adiabatic  curve  of  a  con^ressed,  but  not 
of  a  reacted  explosive.  Naturally,  such  a  systematic  overstatement 
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of  v&Iuta  of  Uq  is  possiblo,  but  the  difference  fron  the  isaximuB) 
registered  value  of  the  euus  velocity  will  not  exceed ^  as  the  rule, 
10%.  In  the  case  where  ooaqpact  saag^les  are  used,  such  an 
extrapolation  is  laore  justified,  since  the  steep  slope  of  the 
leading  edge  of  the  oscillograss  Is  deteralnsd  totally  by  the 
Inertness  of  the  detector. 

Another  Isgiortant  Boxent  in  the  detez^natlon  of  shock 
adiabatic  curves  la  the  acceleration  of  the  front  of  the  wave 
on  the  measuring  base  in  those  eases,  when  there  arises  in  the 
explosive  a  noticeable  oxotheroie  reaction.  Possible  errors 
as  a  result  of  this  say  be  eliminated  by  two  means.  One  of  these 
consiots  in  measuring  D  at  various  distances  from  the  Interface 
of  the  inert  boundary  and  explosive  and  in  the  extrapolation  of 
the  obtained  dependence  to  the  eero  distance.  Measurements  of 
D  on  various  bases  under  our  conditions  showed  that,  in  practice, 
on  S  ■  3  *23  D  does  not  differ  within  the  limits  of  accuracy  of  the 
experiment  (*'<5?)  from  the  values  of  on  the  interface,  obtained 
by  the  mentioned  extrapolation.  'Pherefore,  In  the  majority  of 
the  experiments  for  value  of  the  velocity  of  the  wave  front  In 
the  investigated  explosive  on  the  interface  values  of  D  were 
taken,  obtained  by  sietsux^nent  on  a  baae  of  3  am.  Moreover,  the 
calculation  of  Dq  was  conducted  by  the  method  of  reflection 
[713  according  to  the  known  value  of  on  the  interl*ace  of  the 
paraffin  and  explosive,  ihe  accuracy  of  determining  Dq  In  this 
manner  Is  significantly  lower  than  with  direct  measurement. 

Within  the  limits  of  this  accuracy  ('vlOJ)  the  calculated  and 
measured  values  of  0  coincide  in  the  entire  investigated  range 
of  pressures. 

Values  of  D  end  u  were  obtained  by  averaging  the  results  of 
3-5  measurements.  The  deviation  of  values  of  individual  measure¬ 
ments  from  the  average  value  did  not  exceed  5)t.  The  greatest  values 
of  D  and  u  correspond  to  the  parameters  of  the  shock  front  of 
ideal  detonation.  At  coordinates  D  -  u  experimental  data  for 
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(Fig.  65)  and  hexogen  (Fig.  66)  can  be  described  by  straight  liner. 
For  porous  samples  of  powder  Independent  of  the  initial  dimensionr 
of  the  particles  all  the  experimental  points  are  described  by 
one  analytic  dependence:  D  •»  (0.58  +  1.68  u)  km/s.  The  shock 
adiabatic  curve  of  compact  powder  NB  has  the  form:  D  “  (1.70  + 

+  1.85  u)  km/s.  This  is  close  to  the  shock  adiabatic  curve  of 
powder  N,  shown  in  work  [17]  D  »  (1.76  +  1.86  u)  km/s.  The  shock 
adiabatic  curve  of  porous  hexogen  is  described  at  coordinates  D  -  u 
by  the  formula  D  »  (0.4  +  2.04  u)  km/s. 

A  linear  dependence  between  D  and  u  can  be  observed,  as 
witnessed  by  the  fact  that  in  the  front  of  the  shock  wave  no  phase 
transformations  ocour  [129].  Using  analytic  expressions  of  the 
shock  adiabatic  curve  at  coordinates  (D  -  u),  it  is  easy  to 
const.-uct  them  at  coordinates  (P  -  V)  (Pigs.  67  and  68).  At  these 
cocrd'.nates  '.he  shock  adiabatic  curves  of  the  porous  samples  are 
situated  hlgner  than  the  shock  adiabatic  curves  of  the  compact 
samples,  as  must  be  for  a  substance  with  normal  thermodynamic 
properties  (the  coefficient  of  thermal  expansion  a  >  0,  the 
Griinelsen  coefficient  f  >  0)  with  equlllbrlur  ,  '  ''.ind 

the  shock  wave  front.  On  the  other  hand,  in  experiments  on  the 
Jsotherric  -..-.••iprcssiblllty  of  NB  pcwccr  [IjOj  it  was  found  that 
a  <  0.  A  negative  coefficient  of  t"er;nal  expansion  is  also 
obtained  from  a  comparison  of  the-  curve  of  shock  and  Isothermic 
(T  *  18°C)  compression  of  compact  powder  (curves  2  and  3  in 
Fig*  67).  .since  with  Identical  pressures  shock  compression  proves 
to  be  greater  than  isothermic.  This  conclusion,  however,  Is 
contradicted  by  the  mutual  position  of  the  shock  adiabatic  curves 
of  compact  and  porous  powder.  If  a  had  been  negative  during  shock 
compression,  then  curve  1  would  have  been  situated  lower  than  curve 
2.  The  cause  of  such  a  contradiction  Is  apparently  cut  out  In  the 
course  cf  the  isotherms.  In  work  [130]  there  was  expressed  the 
assusqjtion  of  the  possible  change  in  the  thermodynamic  properties 
of  the  studied  system  as  a  result  of  the  ''hange  in  the  interaction 
of  Its  components.  Possibly,  during  static  isothermic  compression 
higher  than  certain  values  of  P  there  occurs  a  separation  of 
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pli**e«  and  the  voliaae  of  the  ayateia  Increeaes,  which  fonnerly 
leads  to  &  reduction  in  a.  As  a  result  of  this  the  obtained 
isothenss  (curves  3  and  4,  Pig.  67)  are  steeper  than  should  occur 
in  the  absence  of  the  cited  interaction  of  the  components.  During 
shock  loading  the  phase  separation,  apparently,  does  not  occur, 
and  the  oos^ressiblllty  of  the  substance,  existing  in  a  certain 
■etastable  state,  Is  fixed. 


Fig.  65.  Shock  adiabatic  curves 
of  porous  (1)  and  compact  (2) 
powder  NB.  Grain  size;  O-  0.^3  asa; 
Sind  +  -  2.0  MO. 

[hm/coh  ■  km/s] 


Pig.  66.  Shock  adiabatic 
curves  of  porous  (1)  and 
compact  (2)  hexogen. 

C«M/caK  ■  ko/s] 
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Pig.  67.  Shock  adiabatic  curves  of 
porous  (1)  and  compact  (2)  samples  of 
NB  powder  and  Isotheraa  of  compact  NB 
powder  at  a  temperature  of  18°C  (3) 
and  92^C  (4)  [130]. 

[Tbc.arM  «  thous.  of  atm.;  CM^/r  » 

■  cm^/g] 


Pig.  68.  Shock  adiabatic  curves  of 
porous  (1)  and  compact  (2)  hexogen. 

[Tuc.atM  *  thous,  of  atm,;  cM^/r  - 

■  cm^/g] 


Fig.  69.  Shock  adiabatic  curves  of 
porous  (1)  and  compact  (2)  substances. 
Shaded  area  -  conversion  of  energy  in 
the  porous  sample  in  comparison  with 
the  compact . 
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An  Increaae  in  prcBoure  and  enargy  in  the  porous  sanples 
In  eoaqjarison  with  tha  cuspaot  during  cospreasion  up  to  an  Identical 
volume  is  explained  by  the  rise  in  the  heat  cos^onenta  of  the 
presBure  and  energy  (ffig.  69)  [SOJ.  On  the  strength  of  this, 
the  QrOneisen  coefficient  is  found 

Table  4  presents  the  values  of  the  specific  volusies,  pressures, 
specific  internal  energy  E  and  the  coefficient  P  for  coaq?act 
and  porous  saa^les  of  powder  and  hexogen. 

With  the  use  of  a  value  of  the  QrOneisen  coefficient  of  1.5 
obtained  for  NB  powder  a  calculation  was  laade  for  the  temperature 
of  the  shock  heating  according  tc  the  scheme,  suggested  in  work 
[633  and  perfected  later  in  [1313.  Calculation  of  the  temperature 
on  the  shock  front  of  a  detonation  wave  with  an  aioplltude  of 
150,000  ata  for  porous  NB  powder  gives  1500*’K,  and  for  coagnact 
powder  (P  ■  350,000  atm)  -  200''®K.  In  the  calculations  the 
increase  in  the  specific  heat  was  taken  Into  account  (*^0.3  cal/g  x 
X  deg  under  noroal  conditions)  with  an  increase  in  the  temperature 
within  the  1000-2000®K  range  by  approximately  2.5  times  [1323. 


Table  4,  Values  of  the  QrOneisen  coefficient 
for  NB  powder  and  hexogen. 
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For  poroiw  aaaf>l«s  of  hexogin  we  limited  ourselves  to 
the  ralnlnua  eetlaate  of  the  heating,  taking  the  difference 
between  the  total  Increment  of  opeclflc  internal  energy  of 
porous  and  coa?>act  subatanee  for  the  increments  of  the  heat 
fraction  of  internal  energy  of  the  porous  8a3q>le.  It  Is  obvious 
that  such  an  estimate  is  understated,  since  it  does  not  take  into 
account  the  Increment  of  the  thermal  energy  in  the  shock-compressed 
cosnpact  substane*.  However,  in  this  case  also  with  a  pressure 
on  the  shock  front  of  the  detonation  wave  of  “vl^O.OOO  atm  (the 
estimates  produced  T  ■  1100®K)  (an  increase  in  tne  specific  heat 
with  a  rise  at  the  temperature  was  calculated  and  the  average 
specific  heat  was  taken  as  equal  to  '^0.6  cal/g-deg  [132J).  Thus, 
solid  explosives  (Just  as  liquid)  during  shock  compression  up  •'d 
pressures  of  100,000  atm  and  higher,  undergo  significant  heating. 

!  5-  On  The  iMeehanlsm  of  Detonation 
Of  Solid  Explosives 

As  was  pointed  out  above,  a  normal  detonation  regime  for  all 
the  Investigated  solid  explosives  (cast,  pressed, 
characterized  by  the  presence  of  the  chemical  peak.  V:.e  width  of 
the  shock  front  of  a  detonation  wave  Is  significantly  less  than 
the  overall  time  of  the  chemical  reaction,  l.e.,  In  the  process 
of  compression  the  explosive  is  almost  not  decomposed.  The 
de conation  process  is  managed  by  the  shock  wave.  In  the  mecnar.ism 
of  initiation  of  the  reaction  in  the  front  of  the  detonation  wave 
the  ignition  of  the  explosive  by  the  hot  products  and  by  the  gases 
nested  in  the  pores  plays  no  noticeable  role.  The  shock  wave 
crushes,  and  heats  the  explosl'-e  itself  to  high  temperatures. 

For  typical  porous  explosives  under  the  pressures  jf  detonation 
of  MOO, 000  atm  average  temperatures  of  the  shock  compression  of 
1COO-1500‘'K  are  totally  attainable. 

Are  such  tenperaturea  adequate  to  ensure  the  decomposition 
of  the  explosive  for  the  ireaction  times  characteristic  for 
detonation?  If  the  kinetics  of  the  decomposition  of  the  explosive 


under  detonation  conditions  ware  Icnown,  an  answer  to  this 
question  ai^ht  be  obtained  by  direct  calculation  of  the  temperature 
throu^  the  reaction  tlB«  known  fron  experimentation.  Since  there 
&rQ  no  such  data  on  the  kinetics,  obviously,  it  is  most  reasonable 
to  use  the  concepts  of  a  normal  adlamatic  explosion  for  such  a 
calculation.  However,  the  experlnental  data  contradict  such  a 
representstlon  of  the  de>'-oB{)08ltion  of  solid  explosives  in 
detonation  waves.  As  was  pointed  out  above,  a  noticeable  Induction 
period  behind  the  front  of  the  detonation  wave  of  solid  explosives 
is  not  observed.  Nonetheless,  the  Ideas  of  a  normal  adiabatic 
thermsl  explosion  can  be  employed,  if  we  assuiK  that  the  chemical 
decomposition  of  the  solid  explosives  in  the  detonation  wave 
exists  in  the  form  of  successive  noxn^al  adiabatic  explosions  at 
the  centers.  They  arise  in  the  shock  front  of  a  detonation  wave 
as  the  result  of  heterogeneous  heating  during  compression. 

The  successive  flashes  of  tha  hot  centers  easily  explain  in 
approximation  the  triangular  pressure  profile  in  the  zone  of 
chemical  reaction  of  the  detonation  wave.  It  follows  from  these 
considerations  that  the  total  tlae  of  reaction  is  determined  by 
the  time  of  delay  in  the  normal  adiabatic  explosion  of  the  coldest 
centers , 

Per  the  majority  of  powerful  solid  explosives  (see  Tables 
1  and  2)  the  chemical  reaction  time  for  detonation  varies  from 
tenths  of  a  microsecond  up  to  one  microsecond.  Calculation  using 
kinetic  Constanta  for  ■  0.2  and  ■  1.0  ys,  for  example,  in 
NB  powder  produce  tomparatura  values  of  1160  and  1270**K, 
respectively  [120,  1333.  Close  tea^eratures  are  also  required  for 
other  powerful  explosives.  Temperatures  of  such  an  order,  as  can 
be  seen  from  the  above  cited  data,  are  achieved  in  the  front  of 
a  detonation  wave  of  both  compact  and  of  porous  explosives. 
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The  Introduced  calculations  show  that  the  temperatures 
achieved  during  compression  of  rolld  explosives  by  shook  waves 
wirh  an  amplitude  close  to  th  *  pressures  on  the  shock  front  of 
the  detonation  wave  are  sufficiently  high,  so  as  to  explain  the 
total  time  of  the  chemlca.’  decomposition  of  the  explosive  as  a 
result  u.  a  normal  adiabatic  thei/aal  explosion.  Therefore,  there 
is  no  oasis  in  the  solution  of  the  problem  on  the  mechanism  of 
the  detonation  conversion  of  solid  explosives  (of  both  compact  and 
of  porous)  of  disregarding  the  shock  heating  of  the  substance 
Itself. 

The  actual  process  of  decomposition  of  porous  explosives  in 
a  detonation  wave  has  not  been  clar'Tied  to  the  end,  and  it  is 
net  reducible  tc  a  simple  model  of  foc.il,  normal  thermal  explosions. 
Actually,  In  the  latter  case  the  dependence  Tj^(P)  should  also  be 
.-strong,  which  la  not  observed  in  the  experiment.  This  concept 
is  oontredlcted  als^  by  the  equality  of  the  reaction  in  porous 
and  in  water-saturated  explosives.  Obviously,  the  temperature 
of  the  sxclocive  on  the  shock  front  of  the  detonation  wave  of 
ir.c  Cf.a'gjs  is  different  (this  follows  from  the  t.  ^ 

d'lia  on  th®  conpresslbillty  of  compact  and  of  porous  NB  powder), 
while  the  r-.  u"  loi.  ti.mec  with  ident>.c;iJ  p^escMre  turn  out  to  be 
equal,  inest  experlmer.lal  facts  hav  ••111  .'i  .••t  received  an 
un3inbi£a'..,Uo  explanation. 

howeve.",  we  have  no.  excluded  the  fact  that  melting  occurs 
Ir.  the  front  of  Ine  detonation  waves  of  certain  porous  explosives. 

In  case  decomposition  of  the  er.oloslve  pioceeds  in  the 

form  of  a  degcnei-ated  explosion  of  an  almost  homogeneous  medium 
and  Che  depender ce  t(P)  will  also  be  weak.  Finally,  the 
degeneracy  may  be  caused  bj  the  lew  rates  of  occurrence  of  the 
final  stages  of  the  decomposition  process,  which  also  leads  to  a 
weak  t(P)  dependence. 
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Wiateyer  the  reasons  might  be  for  the  weak  dependence  of 
t(P)  in  solid  explosives,  apparently,  connected  with  this  la  the 
possibility  of  the  existence  in  them  of  stable  detonation  regimes 
with  parameters  considerably  lower  than  ideal  in  a  certain  range 
of  measurement  of  the  charge  diameters.  Because  of  the  weak 
dependence  of  t(P)  a  noticeable  decrease  In  the  anqilltude  of  the 
detonation  wave  with  certain  charge  diameters  leads  to  a  slight 
rise  in  t,  and  the  breakdown  of  the  reaction  does  not  proceed. 
Together  with  the  decrease  in  the  wave  amplitude  the  intensity 
of  the  expansion  also  falls,  and  the  process  is  propagated  stablly 
as  before. 

In  conclusion,  lot  us  note  that  in  principle  detonation 
waves  in  solid  explosives  without  a  sharply,  defined  chemical 
peak  are  possible.  This  may  be  during  detonation  of  sufficiently 
sensitive  porous  explosives,  if  the  decomposition,  having  itgun 
at  the  centers,  terminates  during  compression.  Such  a  case  is 
possible  for  an  explosive,  the  critical  temperature  of  the  centers 
of  which  is  close  to  or  less  than  the  melting  temperature  [121], 
The  chemical  peak  may,  in  practice,  also  be  absent  In  strongly 
porcus  systems  in  the  case  where  the  process  of  propagation  of 
detonation  will  exist  as  streams  of  PD. 
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CHAPTER  V 

LIMITS  OF  THE  PROPAGATION  OF 
DETONATION  IN  CONDENSED  EXPLOSIVES 

The  smallest  diameter  of  the  charge  of  an  explosive,  with 
which  the  propagation  of  self-sustaining  detonation  is  still 
poscil'je,  called  the  critical  diameter  d  .  The  existence  of  sucli 
a  d’art-ter  .■•innot  he  explained  within  the  fr^ework  of  the  cla^.'■.  .’.a. 
dotcr.atiori  theory,  since  a  finite  width  of  the  reaction  zone  In 
this  theory  Is  not  taken  into  consideration,  and  the  processes 
which  ccour  hehlnd  its  limits  cannot  transmit  per' urba' 1 ' '  • , 
cvertake  tne  detonation  front  in  the  case  of  .  .  .  '  {■•.)' 

!•  ''[.e.  "'-.erefore,  concepts  of  th<-  llmios  cf  propagation  ;if 
d',‘ '  ..itlon  night  be  devtlcped  only  l''  tie  appearance  of  a  detonation 
the-  vy  w;  '  h  takes  into  const  Jerr.tio  •  a  finite  time  of  the  chemical 
reaction  in  the  front  of  tr.e  u-'-rr-Mon  wave. 

l.r.irlt  ri  [72,  1  j- ]  was  the  first  to  mark  out  the  proper  path 
for  .'(•)  lad ‘r .  taiding  of  the  nature  of  d  .  Accor']^rlg  to  his 

K  P 

ic--..,  With,  s  reduction  in  the  charge  diameter  there  is  an  Increase 
In  th“  dl.persio'!  of  tne  reacting  expiorlve  m  the  sides  an*  a 
corr^}  condli.g  lo.  s  cf  energy,  whica,  In  the  opposite  case,  would 
go  for  the  maintenance  of  the  detonation  front .  At  a  certain 
finite  diar>'ter,  which  is  also  the  critical  diameter,  the  eo.ul- 
llbrJum  between  the  heat  receipt  and  the  energy  losses  is  first 
destroyed,  l.e.,  detonat'on  cannot  propagate. 
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According  to  Khariton,  any  substance  capable  of  an  exothermic 
reao-ion  with  constants  P  and  V  can  detonate,  if  we  take  a 
sufficiently  large  diameter.  In  other  words,  the  difference 
between  the  explosive  and  the  remaining  exothermically  reacting 
substances  is  not  basic.  It  consists  in  the  fact  that  the  critical 
diameter  of  the  first  lies  within  the  limits  of  the  charge  sizes 
used  in  practice,  while  in  the  second,  on  the  other  hand,  it  is 
very  large. 

Taking  Into  consideration  the  fact  that  the  dispersion  of  the 
reacting  medium  is  nothing  different  than  its  expansion  in  a 
rarefaction  wave,  and  the  structure  of  the  latter  Is  determined 
chiefly  by  the  speed  of  sound  c,  Khariton  gave  a  formula  for 
estimating  d^pt 

d,,i»;2cT, 

where  t  is  the  reaction  time,  characteristic  for  the  detonation. 

These  ideas,  which  received  propagation  under  the  name  of 
"Khariton’s  principle,"  were  the  first  to  enable  us  to  connect  the 
reaction  time  drying  detonation  with  the  external  characteristic 
of  the  given  process.  This,  to  a  significant  degree,  stimulated 
the  development  of  experimental  works  to  determine  the  reaction 
time  under  conditions  of  detonation  and,  in  general,  on  the  study 
of  detonatloT  close  to  the  limit  of  its  propagation  [59,  135-1383* 
The  accumulated  factual  material  not  only  confirmed  the  validity 
of  the  advanced  qualitative  ideas  on  the  nature  of  d  ,  but  also, 
to  a  significant  degree,  advanced  our  understanding  of  detonation 
as  a  p’  vsical-chemlcal  process. 

The  development  of  the  theory  In  this  direction  lagged  far 
behind  the  experimental  investigations.  The  undertaken  attenqjts 
at  constructing  a  theory  of  nonideal  detonation  and  of  the  critical 
diameter  [21,  108,  139-1^'^]  rests  on  the  extremely  simplified 
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schemes  of  fovje  and  In  essence  have  introduced  nothing  new  in 
comparison  with  Khariton's  principle.  Up  to  the  present  nime 
strict  theory  of  detonation  limits  for  condensed  explosives  has 
still  not  been  created. 

In  the  cited  theoretical  works  It  is  assumed  that  c  and  t  In 
Khariton's  formula  are  the  average  speed  of  sound  and  the  reaction 
time  within  the  limits  of  the  detonation  front,  respectively. 
Moreover,  Khariton,  and  following  him  also  the  authci*s  of  ot.  e” 
of  the  above-mentioned  theoretical  investigations  ’.acitiy  •  ssume 
that  only  a  stationary  detonation  front  can  be  self-sustaining. 

This  supposition,  correct  for  solid  (nonhomogeneous)  explo¬ 
sives,  is  not  fulfilled  in  many  instances  of  detonation  of  liquid 
expiOSives.  It  turned  out  that  a  detonation  front  may  be  separatee 
fv-..:;  th'.'  I'OunJarles  of  the  charge  and  again  returned  to  them.  Such 
a  ''nc'iistatlonary"  detonation  front  may  propagate  as  long  as  It 
wants,  and  Its  critical  diameter  is  connected  nol  with  the  time  o: 
reaction  at  the  front,  but  with  the  processes  leading  to  its 
restoration  of  the  area  along  the  entire  cross 

C'lar^o.  T’!  the  future,  for  ohe  sake  of  brevity,  any  theory  resting 
on  tr.v  assunutlon  of  a  stationary  irn>-.n  we  shall  call  stationary 
1.’  contrast  to  the  ensuing  nonstationary  theory  of  a  detonation 
front  with  a  pulsating  area. 

F.xanlncd  below  are  the  fundamentals  of  the  formulation  of  the 
probio-^,  from  which,  in  our  opinion,  there  must  follow  the  ensuing 
s*^rict  stationary  theory  of  and  also  on  the  basis  of  the 

up 

experimental  data  fundamental  physical  principles,  which  henceforth 

must  be  set  up  as  the  basis  of  the  nonstationary  theory  of 

are  rla:  fled.  Here  we  will  be  speaking  mainly  of  d  in  charges 

Kp 

of  explosives  without  a  shell  (or  In  a  very  weak  shell). 
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51.  The  Propagation  of  Detonation 
in  Chargee  of  71nlte  Diameter 


The  Motion  Equation 

The  flow  of  a  continuous  madiuia  during  the  detonation  of  a 
charge  of  finite  diameter  Is  described  by  three-dimensional  equa¬ 
tions  of  motion; 


Where  p  is  the  drnsit;'  of  the  medium;  u  Is  the  vector  of  the  flow 
velocity;  P  is  the  pressure;  E  is  the  specific  Internal  energy;  7 
is  the  vectorial  operator: 


(36) 

(37) 

(38) 


(1,  J,  k  are  unit  vectors,  directed  along  Cartesian  coordinate 
axes). 

It  can  be  pointed  out  that  in  the  case  of  a  rough  detonation 
front  equations  (36)“(38)  do  not  change  their  form,  if  the  flow 
of  the  reacting  medium  is  isotropic-turbulent.  In  this  caee  to 
obtain  the  appropriate  averaged  aquations  of  motion  (36)-(38)  it 
Is  sufficient  to  set  up  in  place  cf  p  and  u  their  average  values, 
and  In  place  of  P  and  E  -  the  corresponding  formal  values.  There¬ 
fore,  henceforth  we  shr.ll  make  no  distinction  between  a  laminar 
and  an  isotropic-turbulent  reaction  zone. 

The  supposition  of  isotropic  turbulence  for  the  case  of  liquid 
explosives  with  a  rough  front  Is  not  carried  out  on  account  of  the 
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regular  character  of  the  inhoaoceneltles.  Cn  the  other  hand,  in 
the  case  of  solid  explosives  on  account  of  the  chaotic  character 
of  the  initial  Inhomogeneltles  of  the  medium  the  flow  in  the 
detonation  front  must  be  isotropic-turbulent.  Therefore  the 
inclusions  of  this  paragraph  are  in  force  only  for  solid  explosives 
and,  of  course,  for  liquid  explosives  with  a  smooth  detonation 
f  I'ont . 

Let  us  apply  equations  (36)-(38)  to  an  analysis  of  detonation 
close  to  the  limit.  In  a  system  of  coordinates,  connected  with 
a  stationary  detonation  front,  from  the  equations  of  motion  the 
derivatives  with  respect  to  time  fall  out,  which  enable  us  to 
simplify  significantly  the  given  equation.  Let  us  introduce  Into 
tne  consideration  flow  tubes,  i.e.,  imaginary  tubes  of  any  cross- 
sectional  shape,  t:he  limits  of  which  at  aach  point  coincide  with 
the  direction  of  the  velocity.  Through  these  limits  tnere  are  no 
fl  >ws  of  ma;>s  for  energy.  Consequently,  if  the  cros.^  sectional 
area  of  a  flow  tube  is  equal  to  o,  then  the  total  flow  of  mass  to 
its  cross  section  is  equal  to  puo.  Therefore,  equation  (36) 
transfers  to  equation 


^-0,  (39) 

where  I  is  the  length,  measured  along  the  tube  of  flow. 

Having  obtained  precisely  t.he  same  expression  for  the  energy 
flux  ard  using  the  latter  eiuality  for  the  mass  flux,  one  can 
tr'r.afer  to  the  equality 


(^C) 

For  the  transformation  of  equation  (37)  the  term  in  the 
middle  of  its  left  side  Is  transferred  to  another  form: 
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By  introducing  the  unit  vector  e^  In  the  direction  of  the  velocity 
iron  the  preceding  expression  we  obtain  the  following; 


Multiplying  equation  (37)  scalarly  by  vector  e^  and  taking  into 
account  that  0.  we  obtain 

(J,l) 

If  we  consider  the  absence  of  heat  exchange  (dE  ■  -PdV),  then 
as  a  result  of  differentiation  of  (^0)  we  obtain  equation  (^1). 
Multiply:  ng  scalarly  equation  (37)  by  vector  e^^,  directed  along  the 
surface  P  «  const,  and  taking  into  account  e^VP  ■  0,  we  find 


A  Prandtl-Meyer  Flow 

Let  us  examine  the  structure  of  a  flow,  which  arises  at  the 
limit  of  a  detonating  charge.  We  will  assume  that  in  front  of  the 
zone  of  reaction  a  shock  front  is  propagated,  the  width  of  which 
can  be  disregarded.  This  assumption  can  be  assumed  to  be  valid 
for  the  majority  of  practically  important  cases  of  detonation  of 
solid  explosives j  in  the  case  of  liquid  explosives  with  a  smooth 
detonation  front  it  Is  so  much  the  more  valid.  The  shock  front 
intersects  the  free  boundary  of  the  charge  along  a  certain  line, 
which  is  special  for  the  equations  of  motion.  For  example,  a 
whole  sheaf  of  surfaces  of  constant  pressure  converges  to  this 
line,  ;;ince  any  particle  of  the  reacting  medium,  no  matter  how 
closely  it  passes  by  the  special  line,  must  pass  through  all  the 
pressures  from  the  shock  front  to  the  pressure  of  the  medium, 
surrounding  the  charge.  The  flow  region,  corre;;pondlng  to  the 
fan  of  surfaces  of  constant  pressure  diverging  from  the  special 
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line,  in  the  Infinitely  close  vicinity  of  the  cited  line  is  called 
a  Prandtl-Meyer  flow  [«ll.  It  is  necessary  to  study  under  what 
conditions  this  flow  will  be  statlor.ary. 

Let  us  select,  the  natural  coordinate  surfaces  (Fig.  70). 
First,  as  such  surfaces  one  can  take  planes,  passing  through  the 
axis  of  the  charge.  Let  one  of  these  coincide  with  the  plane  of 
the  figure.  The  coordinate,  corresponding  to  the  given  surfaces, 
is  the  angle  a,  counted  off  around  the  axis  of  the  charge.  The 
rotation  of  the  line  of  flow  around  the  dixl.s  of  the  charge  gives 
another  system  of  coordinate  surfaces.  Finally,  as  a ^thlrd  system 
of  coordinate  surfaces  let  us  select  the  surfaces  of  constant 
pressure,  determined  In  the  region  of  the  Prandtl-Meyer  flow  by 
the  angle  i^,  which  Is  counted  off  around  the  special  line  from  a 
certain  arbitrary  surface. 


Pig.  70.  Selecting  a  system  of 
natural  curvilinear  coordinates 
on  the  free  boundary  of  the 
charge.  1  -  constant-pressi re 
lines;  2  •  lines  of  f1^*'- 
boundary  of  the  explosive 
charge;  3  -  shock  front. 


The  Increment  of  the  radius-vector  dr  is  in  the  following 
manner  connected  with  the  change  in  the  curvilinear  coordinates 


dr  -  -  H^fdr  -•  Hjt^d^,  ( if  3 ) 

where  e  Is  the  unit  vector  perpendicular  to  the  coordinate  plane, 

and  e^  and  e.  are  the  above-determined  vectors,  directed  along  the 
r  9 

line  of  flow  and  along  the  surfaces  of  constant  pressure,  resepct 
respectively,  t^here 


r.l#,  and 
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Coefficients  H.,  H.  and  H.  are  aseuiaad  to  be  known  functions  of 

Cl  r  9 

r  and  They  do  not  depend  on  a  on  account  of  the  axial  synaetry 
of  the  pjroblea. 

Applying  (43)  to  the  line  of  flow,  we  get 

(44) 

Hence  equations  (39),  (4i)  and  (42)  can  be  rewritten  in  the 
following  form: 


Let  us  introduce  the  conqjonent  velocities:  -  directed  along  the 

normal  to  the  surface  of  constant  pressure  and  -  lying  on  this 
surface.  The  unit  vector,  normal  to  the  surface  of  constant 
pressure,  we  will  designate  by  e^. 

Por  the  conversion  of  the  first  equation  (45)  one  can  use  the 
expression  ensuing  from  (43): 


3 -«,//,(#; (48) 

In  fact,  -  let  us  take  a  tube  of  flow  of  rectangular  cross  section, 
determined  by  the  increments  of  coordinates  Ao  and  Ar.  Then  the 
area  of  the  rectangle,  which  is  cut  by  the  tube  of  flow  on  the 
constant  pressure  surface,  is  equal  to  the  product  of  the  length 
of  its  sides  H  'Aa  and  H^*Ar.  Since  the  surface  of  constant 
pressure  Is  not  orthogonal  to  lines  of  flow,  in  obtaining  expres¬ 
sion  (48)  one  should  Introduce  the  multiplier  (®fj*®^)*  Thus,  for 
0  the  expression  H^Hj,(e^'e^)AoAr  is  found.  Hcjw,  taking  Into 
consideration  the  fact  that  Ao  and  Ar  do  not  depend  on  they  can 
be  thrown  out,  as  a  result  of  which  expression  (48)  is  also  obtained. 
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Since  it  is  suggested  that  we  subsequently  examine  the  flow 
In  the  Infinitely  small  vicl.ilty  of  the  special  line,  the  value 
can  also  be  discarded,  since  in  this  vicinity  -0.  The 

latter  follows  from  the  fact  that  near  point  A  the  distance  from 
the  axis  of  the  charge  in  the  first  approximation  does  not  vary 
with  the  change  in 

Until  the  substltu'-ion  of  expression  (^8)  into  the  equation 
it  is  advisable  to  determine  the  derivative  of  For  this 

let  us  examine  the  change  In  the  distance  R  of  a  certain  point  of 
the  medium  from  point  A  as  a  function  of  the  angle  Expression 
RdO/u^  Is  the  time,  for  which  the  point  would  describe  the  angle 
from  ^  to  9  +  d^.  During  this  time  R  would  increase  by  the  value 
dR  «  u„(RdiJ/u,).  Hence  it  follows  that 


Differentiating  this  expression  with  respect  to  r,  with  considera¬ 
tion  of  the  fact  that  BRldr  -W.,  and  discarding  terns  which  fall  out 
when  R  0  we  find 


Mr 

?r” 


{^9) 


The  ! tijtlon  of  '48)  ir.d  (49)  Into  equation  (45)  with  con¬ 

fide  urion  of  equality  u(e^‘e^)  ■  u^  leads  to  expression 


+  pWr™  Or 

Equation  (4C),  by  the  simple  substitution  of 
reduced  to  the  form 


(50) 

2  2 

+  uS  is 
9  r 


(51) 
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Equation  (^7)  la  tranaforjned  using  equality  r„  which 

Is  valid  in  the  Infinitely  small  vicinity  of  the  special  line, 
when  the  surfaces  of  constant  pressure  can  be  aasurod  to  be  flat. 
With  consideration  of  equalities  imej  -  »»  and  (m,}  « w,  we  find  the 
equation 


*5— (52) 

In  the  examined  Infinitely  small  vicinity  any  particle  passes 
an  infinitely  small  time.  Therefore,  its  composition  a.nd  entropy, 
obtained  as  a  result  of  the  shock  con^resslon,  can  be  assumed  to 
be  constant  and  the  following  relationship  can  be  written; 

(53) 


where  Is  the  froaen  speed  of  sound. 

The  multiplication  of  equation  (50)  by  u^  and  its  subtraction 
from  equation  (51)  using;  (52)  for  the  Introduction  of  similar 
terms  lead  to  expression 


if 


0. 


from  which  after  the  substitution  of  relationship  (53)  the  follow¬ 
ing  equality  is  obtained; 


(54) 

Hence  it  follows  that  In  the  zone  of  the  Prandtl-Heyer  flow,  where 


(55) 


Let  us  substitute  this  value  Into  equation  (50).  Since 
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then 


-  .  -  S' 


Jik.t 


^'W‘ 

*'*  /».* 


V  Iff 


Taking  Into  consideration  the  fact  that  In  ordl-.ary  substances 


and  tha\,  in  the  region  of  the  examined  flow  expansion  of  the 
medium  takes  place,  l.e.,  iVtd^y^.  it  is  not  difficult  to  see  that 


tt. 


(56) 


because  of  such  a  sign  of  u^,  perturbations  from  the  special  line 
can  propagate  across  the  entire  region  of  the  Prandtl-Meyer  flow, 
and  to  the  special  line  -  only  from  the  flow,  running  into  the 
region  of  this  flow. 

It  follow,  from  equality  (55)  that  t!ie  boundary  of  the  Prandtl 
Meyer  fJow  coincides  with  the  Mach  line,  i.e.,  the  line  in  the  flow 
with  respect  *  ■>  which  the  tomal  component  of  the  velocity  is  equal 
tv)  tho  .'peei  of  sound.  Hence  it  follows  that  the  o.ucoming  flow  to 
tno  bcundar-y  of  the  Prandtl-Meyer  flow  shoul.i  not  be  suoersonic, 
au'i  perturbations  from  the  special  line  do  not  penetrate  into  the 
region  of  it;;  flow. 


,  The  .study  of  the  Prandtl-Meyer  flow  was  conducted  on  the 
assuir.pt’  n  of  stationarlty  of  the  flow.  However,  It  can  be 
Jenonstratel  that  this  assumption  is  not  essential,  and  It  Is 
sufficient  to  make  the  less  rigorous  supposition  of  a  finite 
value  of  the  derivatives  with  respect  to  time  In  equations  (36)- 
(33)-  In  fact,  in  the  vicinity  of  the  special  line,  and  more 
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precisely  in  the  region  oi'  the  Prandtl-Heyer  flow  all  the  deriva¬ 
tives  with  respect  to  tne  spatial  coordinate  tend  toward  an 
infinite  value.  For  this  reason.  It  makes  no  difference  whether 
we  discard  all  the  derivatives  with  respect  to  time. 

Structure  of  the  Plows  in  the 
Stationary  Detonation  Wave 

The  layout  of  the  basic  flow  elements  with  stationary  detona¬ 
tion  is  represented  in  Pig.  71.  So  that  nonstationary  rarefaction 
waves  might  not  penetrate  inside  the  detonation  front,  from  point 
A  the  supersonic  flow  must  exit,  i.e.,  on  the  boundary  of  the 
charge  behind  the  shock  wave: 


-v  (57) 

As  was  pointed  out  above,  onl''  in  such  a  flow  can  the  forward 
boundary  of  a  stationary  rarefaction  wave  and  a  Prandtl-fteyer 
flow  exist,  On  the  other  hand,  on  the  axis  of  the  charge  directly 
behind  the  shock  front  there  must  exist 


(5«) 


Consequently,  the  sound  surface,  on  which 


u-x*,.  (59) 

Intersects  the  shock  front.  Thus,  the  region  of  the  subsonic  flow, 
from  which  perturbations  can  admittedly  enter  the  front  (in  Pig.  71 
this  is  shaded),  does  not  reach  the  free  boundaries  of  the  charge, 
and  it  is  precisely  this  that  ensures  steady-state  conditions. 

When  it  is  said  that  the  flow  behind  the  shock  front  always 
exits  from  it  with  a  subsonic  speed,  it  is  understood  to  mean  the 
components  of  the  flow  velocity  normal  to  the  shock  front.  But  if 
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Pig.  71.  Simplified 
schoica  of  the  flows 
during  stationary 
detonation  in  a  charge 
of  finite  diameter. 

1  -  Mach  lines;  2  - 
boundary  of  the  charge; 

3—  shock  front;  **  - 
sound  surface. 

we  transfer  to  another  coordinate  system,  sliding  along  the  surface 
of  the  shock  front,  then  It  Is  not  difficult  to  see  that  the 
tangential  component  of  the  velocity  does  not  vary  with  the 
transition  of  the  medium  through  Jump  P.  It  Is  always  possible  to 
select  such  a  value  of  the  tangential  component,  with  which  the 
total  velocity  behind  the  shock  front  is  supersonic.  Therefore, 
to  fulfill  condition  (57)  the  shock  front  close  to  the  boundary 
of  tne  charge  must  be  sloping  with  respect  to  the  oncoming  flow 
of  the  initial  medium.  Kencs  it  follows,  In'tum,  that  the  ampll- 
tud.'  of  the  shock  front  on  the  axis  of  the  charge  Is  greater  than 
on  the  boundary  due  to  the  corresponding  difference  in  normal 
conpo  lents,  of  the  oncoming  flow  of  the  explosive.  As  d  result, 
the  shock  front  becomes  convex  in  the  direction  of  propagation  of 
aetonatlon,  ar,  is  also  shown  in  Fig.  71. 

*.n  the  transition  through  the  convex  shock  front  all  the 
linos  of  flow,  except  the  axial,  undergo  fracture  and  begin  to 
leave  the  axis  of  the  charge.  This  conclusion  follows  from  the 
fact  that  the  normal  component  of  the  velocity  according  to  the 
law  of  preservation  of  toss  (pu  >'  reduced  during  the 

transition  through  the  shock  frcnc,  while  the  tangential  component 
remains  unchanged. 

Hence  it  Is  possible  to  suppose  that  behind  the  shock  front 
the  flow  density  j  falls  downward  with  respect  to  the  flow: 


Prom  Che  feet  of  the  divergence  of  the  lines  of  flow  follows  only 
the  reduction  of  the  average  flow  density  throughout  the  entire 
cross  section  and  the  validity  of  the  inequality  (60)  on  the  axis 
of  the  charge.  Therefore,  in  the  ctrlct  theci7  Inequality  (60) 
must  be  Justified. 

Let  UB  make  two  more  assumptions  for  later.  We  will  assume 
that,  first,  the  derivative  dim  increases  in  absolute  value  with 
the  movement  from  the  axis  to  the  periphery  of  the  charge,  and, 
second,  that  the  pressure  falls  nonotonlcally  along  the  entire 
region  of  the  flow  behind  the  shock  front,  i.e., 

Let  us  determine  the  relationship  between  the  pressure  and 
the  volume  in  the  reacting  medium.  With  thq  absence  of  transfer 
phenomena  the  following  equality  is  correct 


The  left  hand  side  of  this  expression  can  be  represented  in  the 
following  form: 


TT" 


(62) 


Using  the  themodynamlc  relationships 


we  transform  (61)  into 


(63) 


With  the  aid  of  expression  (62)  It  is  not  difficult  to  be 
convinced  that  the  second  term  In  the  right  hand  side  of  equality 
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(63)  represents  the  rate  of  Increase  of  the  pressure  during  the 
occurrence  of  the  chemical  reaction  under  conditions  of  constancy 
of  E  and  V.  For  this  value  let  us  Introduce  a  special  designation; 


In  this  expression  the  nutoerator  Is  none  other  than  the  rate  of 
heat  liberation  of  the  chemical  reaction  with  constants  P  and  V. 

Since  from  equality  (64)  It  follows  that  the  sign 

P  coincides  with  '-he  sign  of  the  heat  liberation  with  constants  P 
and  V.  In  the  case  of  an  exothermic  reaction  it  must  be  positive. 

2 

Using  the  expression  for  the  density  of  the  sound  flow  Jgg  ■ 

»  after  the  replacement  of  the  differentiation  of  udt  ■  dl 

frcm  (63)  and  (64)  with  a  variable  we  obtain 

(65) 

By  the  substitution  of  u  ■  JY  into  equation  (*'.1;  we  rinu 

^  +  (66) 

The  exclusion  of  the  last  two  equations  of  the  derivative  dY/<W 
leads  to  the  following  basic  expression; 

(A  — (67) 

The  value  of  P  can  be  assumed  to  be  the  characterizing  heat 
Income.  Then  terra  can  be  viewed  as  the  characteristic  of 

the  heat  losses,  occurring  as  a  result  of  the  expansion  of  the 
i*eacting  mediuir  to  the  sides.  In  the  absence  of  the  latter,  l.e., 
when  1J//1W  0,  the  right  aide  of  e-.q>re88ion  (67)  is  negative.  If, 
as  was  assumed  above,  thnn  in  the  entire  region  of  the  flow 
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h>i- 


(69) 


(Hence  It  Is  possible  in  another  way  to  arrive  at  a  Justification 
for  the  Chapman- Jouguet  selection  principle.) 

Let  us  show  that  In  the  case  of  the  rate  of  detonation 

on  the  axis  of  the  charge  Is  leas  than  the  rate  of  Ideal  detonation. 
For  this,  with  the  aid  of  equation  (66)  we  will  write  the  connection 
between  the  pressure  and  the  specific  volume  in  the  detonation  wave: 

5- - 

Prom  the  last  equality  it  follows  that  the  point,  depicting  the 
state  of  the  reacting  medium,  shifts  not  along  Mikhel'aon's  straight 
lint*,  corresponding  to  the  Initial  shock  compression,  but  along  a 
certain  more  smoothly  sloping  trajectory  (Pig.  72),  since  dJ/dV  <  0. 
If  the  shock  front  were  to  propagate  with  the  speed  of  ideal 
detonation,  then  Mlkhel’son’s  straight  linr  OA  would  touch  the 
equilibrium  detonation  adiabatic  curve  0C3  at  point  C.  In  this 
case  the  trajectory  of  the  point  of  the  state  AB  would  intersect 
the  detonation  adiabatic  curve  at  a  certain  point  B. 


Pig.  72.  On  the  proof  of 
the  inqjossiblllty  of  an 
ideal  detonation  rate  in  a 
charge  -'f  finite  diameter. 


Assuming  for  the  sake  of  simplicity  that  Pq  ■  0,  we  will 
detennlne  the  specific  internal  energy  of  the  reacting  medium  in 
the  state  B.  In  conformance  with  the  equation  of  the  shock  adia¬ 
batic  curve  of  the  Initial  explosive: 
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(70) 


The  3Fecifle  Inter-nal  energy  at  point  A  after  the  deduction  of  the 
constant  la  equal  to  ai*ea  of  triangle  OAD.  With  the 
transition  to  point  B  the  specific  internal  energy  is  reduced  by 
the  value  of  the  work  done  by  the  reacting  substance,  which  is 
equal  to  area  Sj  on  the  curvilinear  trajectory  ABED. 

Thus,  the  specific  Internal  energy  of  the  reacting  medium  In 
the  state  B  Is  equal  to 


fi-£.  +  S-S.  (71) 

On  the  other  hand,  the  specific  internal  energy  of  the  final 
reaction  products  with  the  same  values  of  P  and  V  in  conformance 
with  the  equation  of  the  detonation  adiabatic  curve  Is  equal  to 

£,“C.  +  S.  (72) 

where  is  the  area  of  the  triangle  OBE. 

Irresp-ctive  of  whether  the  reaction  succeeded  in  going  to 
coniolr-tioii  up  to  the  moment  of  achievement  of  state  B  or  not,  for 
an  exothermic  reaction  the  following  must  be  observed 


(73) 


Therefore, 


f  -£a~S,-5,-.5,>0.  (7») 

must  exist.  However,  from  Pig.  12  it  is  immediately  clear  that 
the  opposite  Inequality  is  fulfilled.  Consequently,  the  trajectory 
of  tne  point  of  state  should  not  intersect  the  equilibrium  detona¬ 
tion  adiabatic  curve,  and  this  Is  possible  only  in  the  ceise  where 
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Hikh«l’3on'8  straight  line  OA  will  have  a  saaller  slope  than  that, 
rhlch  corresponds  to  Ideal  detonation. 

In  the  same  way  It  is  possible  to  prove  the  more  rigorous 
assertion,  namely  that  the  actual  detonation  rate  cannot  exceed  the 
rate  o?  ideal  detonation,  which  corresponds  to  the  lnter»8dlate 
detonation  adiabatic  curve  of  the  chealcal  cQaposltion,  achievable 
on  the  intersection  of  the  axis  of  the  ohasrge  with  the  boundary  of 
the  region,  from  whic.  perturbations  can  enter  the  front.  Actually, 
the  solution  of  the  equations  of  motion  for  this  region  does  not 
change,  if  we  assunte  that  the  reaction  behind  its  Units  is  out 
short.  In  such  a  case  it  is  possible  with  accuracy  to  repeat  the 
preceding  dlacu’slons,  having  substituted  the  equllibrlun  detonation 
adiabatic  curve  for  the  Interoedlate  detonaUon  adiabatic  curve  of 
the  coa?)08ltlon,  achievable  on  the  boundary  of  this  region.  Hence 
follows  the  qualitative  conclusion  that  the  rate  of  the  stationary 
detonation  front  D  muat  be  reduced  with  the  decrease  in  the  charge 
diameter  d. 

The  majority  of  work  on  nonideal  detonation  is  dedicated 
precisely  to  attempts  using  various  sis^Ilfylng  assumptiona  to 
obtain  a  quantitative  denendence  of  D  •  D(d).  From  the  fundanental 
expression  (67)  it  follows  that  on  the  entire  sound  surface  the 
essential  condition  of  a  stationary  detonation  propagation  is 
fulfilled; 


(75) 


which,  being  applicable  to  the  line  of  intersection  of  the  sound 
surface  with  the  shock  front,  will  play  an  important  role  in 
further  discussions. 
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On  the  Limit  of  Propagation  of 
Stationary  Detonation  In  Solid 
Explosives 

Let  U3  designate  the  srsallest  dlaaeter  of  stationary  propaga¬ 
tion  of  detona-.lon  by  d  .  This  dlaaeter  does  not  necessarily 

CT 

coincld*-  with  The  only  thing  that  can  be  confirmed  Is 

(76) 

Let  js  first  examine,  expressing  ourselves  figuratively,  the 
classical  region,  leading  to  the  existence  of  a  finite  diameter 
d^^,  which  In  one  form  or  another  figures  in  all  the  works  on 
Ideal  detonation.  This  reason  Is  connected  with  the  fact  that  the 
rate  of  the  chemical  reaction  decreases  together  with  the  amplitude 
of  the  shock  front  Initiating  it.  Moreover,  as  pointed  out 
above,  the  leactlon  rate  decreases  with  an  increase  In  the  rate  of 
tne  pressure  drop  oehind  the  shock  front  (this  is  especially 
apparent  In  the  Induction  period  in  the  case  of  the  kinetics  of 
heat  liberation,  answering  the  law  of  a  normal  thermal  explosion). 
Figure  73  represents  with  continuous  lines  the  dependences 

of  the  reaction  time  t  on  the  speed  of  the  detonation  front,  whlcn 
In  some  manner  li  fixed  by  an  exterior  source  and  does  not  depend 
on  T.  This  dependence  of  t  on  D,  generally  speaking,  must  vary 
with  the  change  in  the  charge  diameter,  which  determines  tne 
rate  of  the  fall  In  the  parameters  behind  the  shock  front.  There-  ■ 
fore,  Fig.  73  represents  the  entire  series  of  given  dependences, 
situated  one  behind  the  other  and  decreasing  order  of  the  charge 
diameter  d. 

The  second  series  of  curves,  depicted  by  dotted  lines, 
represents  the  dependence  of  D  on  t,  when,  converoely,  t  Is  fixed 
by  the  external  source.  When  t  •  0  detonation,  apparently,  must 
be  Ideal  within  a  charge  diameter.  Therefore,  a"*!  the  dotted 
curves,  each  of  which  correrpondc  to  one  value  of  d,  begin  at  point 
D^,  corresponding  to  the  rate  of  ideal  detonation.  And  in  precisely 
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Pig.  73.  Qualitative 
kinetic  curves  of  t(D) 
(continuous  lines)  and 
D(t)  (dotted  lines)  with 
different  charge  diaaseters. 


the  same  way  wi\cn  d  ■  •  detonation  will  be  Ideal  at  any  t,  and 
therefore  for  ai.'  Infinite  diameter  the  curve  will  run  vertically. 
With  any  finite  t’laneter  of  the  charge  the  corresponding  dottsd 
curve  must,  with  an  increase  in  t,  gradually  depart  fro*  the  ideal 
velocity  and  asymptotically  approach  the-  speed  of  sound  c^  In 
the  Initial  explosive.  The  saaller  the  charge  dlaaeter,  the  lower 
the  value  of  t,  at  which  such  a  transfer  should  be  accomplished. 

In  contrast  to  the  first  series  of  kinetic  curves  the  ilnes  of 
the  second  series  are  situated  one  behind  the  other  In  order  of 
increasing  charge  dlsuneters. 


The  points  of  Intersection  of  the  continuous  and  dotted  kinetic 
curves  for  one  and  the  same  charge  diameter  must,  obviously, 
correspond  to  a  self-sustaining  detonation  regime.  Prom  these 
points  one  can  plot  the  dependence  of  D(d)  (Fig.  7**).  There 
exists  a  certain  (minimal)  diameter  which  the  continuous 

and  dotted  kinetic  curves  (see  Pig,  73)  touch  one  another.  With 
lower  d  the  kinetic  curves,  in  general,  do  not  Intersect,  and 
therefore  stationary  propagation  of  detonation  Is  Impossible. 


Pig.  7^.  Dependences  of 
D{d),  plotted  from  points 
of  intersection  of  the 
kinetic  curves  for  cases 
1  -  of  a  strongly  degener¬ 
ated  thermal  explosion}  2  - 
of  an  almost  noimial  thermal 
explosion. 
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Vtie  curvaa  ahown  In  Pig.  7^  correspond  to  two  different  laws 
of  variants  of  heat  liberation  In  the  reaction  tone.  Curve  1 
cori*e3pond8  to  tne  law  of  a  '^-rongly  legeiierated  thermal  explosion, 
In  which  the  n  .r.etlc  curves  of  the  first  series  for  various 
dlaio'itera  almost  coincide  with  one  another,  while  the  kinetic  of 
the  second  series  Jesceiv!  rather  mildly  3loplnjj.y  from  line  to 
lire  Cq.  Such  behavior  of  tne  curves  must  be  characteristic  for 
solid  explosives.  On  the  other  hand,  in  the  case  of  the  approach 
of  the  character  of  the  heat  lib<^''atlon  In  the  reaction  zone  to  the 
law  of  the  normal  thermal  explo  on  the  ktvietlc  curves  of  the  firs 
serl*’"'  diverge  more  and  mor  -  .'‘'.m  o’le  another,  and  the  transition 
of  the  i.lnetic  c  irves  of  the  iecond  &eri<»3  from  to  Is 
accomplished  more  f •••■pproac!il  ig  a  Jump),  since  slight 

spatial  movenK'nl^  of  tie  so'-.;d  sc 'face  the  rear  section  of  the 
reaction  zone  lead  ‘.j  great  di8placeDUi>  *^5  of  the  given  surface 
relative  to  the  chemical  composition.  It  Is  not  difficult  to  see 
that  as  a  result  of  this  chaut,*  in  form  of  trie  coui’se  of  the 
klretir  curves  the  dependence  D(d)  far  from  d^j^  is  more  mildly 
than  In  the  first  case,  and  In  return  in  the  vicinity  of 
^min  *'un3,  on  the  other  hand,  much  more  crook-- il . .  '..ch  a 

variation  In  D(d)  (curve  2)  must  correspond  to  liquid  explosives. 

Let  us  note  that  the  analysis  of  the  dependences  oi  V  *  D(d) 
wlt-h  various  laws  of  heat  liberatiot.  in  the  reaction  zone  permit 
us  to  approach  from  a  somewhat  different  viewpoint  the  chemical 
reaction  separation  '.nechanlsm,  which  determines  the  limit  of 
propagation  of  detonation  of  liquid  explosives  In  rigid  tubes, 

According  to  Fig.  7^,  two  rates  of  stationary  detonation 
correspond  to  each  charge  diameter  d  >  The  lower  branches 

of  the  represented  curves  correspond  to  a  rise  in  D  with  a  decrease 
in  d.  The  corresponding  regimes,  apparently,  are  unstable,  since 
the  individual  branches  of  the  detonation  front  may  move  out 
forward.  With  a  charge  diameter  less  than  the  stationary 
front  cannot  propagate  independently  due  to  the  Insufficient  heat 
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llb«p*tloR  in  the  aubaonlc  reaction  cone.  Therefore,  with  these 
diasutera  self-sustaining  nonstmtlonary  detonation  regisies  are 
alao  liqjosslble.  In  other  worda,  the  value  of  is  that 
absolute  threshold,  lower  than  which  values  of  d^p  cannot  lie,  l.e., 

(77) 


If  we  follow  the  theoretical  works,  in  which  the  conditions 
of  stationary  propagation  of  detonation  on  the  axis  of  the  charge 
were  discussed,  both  inequalities  in  (77)  should  be  placed  with 
equalities.  Let  us  show  that  in  the  general  case  this  is  untrue. 
Let  us  ezaaine  the  conditions  for  detonation  propagation  on  the 
periphery  of  the  charge*  namely  on  the  of  intersection  of  the 

shock  front  with  the  sound  surface.  On  this  line  equality  (75) 

• 

should  DC  fulfilled.  The  value  P,  entering  into  this  equality, 
characterises  the  initial  riite  of  the  reaction  behind  the  shock 
front  on  the  line  of  its  intersection  with  the  sound  surface.  Iflils 
value  has  a  very  far-re®oved  relationship  to  the  total  tl»e  of 
reaction  on  the  axis  of  the  charge,  and  therefore  the  destruction 
of  equality  (75)  nay  destroy  dependence  D(d)  with  values  of  d, 
which  far  exceed  Let  us  oxaalpe  two  extreme  cases,  corre¬ 

sponding  to  equal  laws  of  heat  liberation  behind  the  shock  front. 


Let  us  first  assuiM  that  the  chenioal  reaction  on  the  line  of 
interjection  of  the  shock  front  with  the  sound  surface  has  an 
induction  period.  Here  the  value  of  P  is  dlsregardably  small,  and 
the  divergence  of  the  flow  has,  apparently,  a  finite  value  with 
any  finite  charge  diameter.  Consequently,  equality  (75)  can  be 
unfulfilled  even  with  infinite  charge  dlsweters.  In  this  case 
stationary  detonation  would  be  totally  laposslble.  But  if  the 

9 

value  P  has  an  albeit  small,  nevertheless  a  finite  value,  Ihen 
with  a  rise  in  the  diameter  in  with  corresponding  decreases  in 
^6/  equality  (75)  can  be  satisfied  when  d  »  d^^.  Thus,  if  the 
character  of  the  heat  liberation  in  the  reaction  xone  approaches 
the  lav  of  a  normal  thermal  explosion  (as  in  ohe  ease  of  sutny 
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liquid  explosives),  then  depending  on  tr.j.  opeclflc  circumstances 
the  diameter  of  the  stationai^  propagation  of  detonation  d^^  must 
have  a  very  great  or  even  an  Infinite  value.  The  critical  detona¬ 
tion  diameter  here  must  be  found  from  the  nonstationary  theory. 

Let  us  now  turn  to  another  extireme  case,  where  the  hv.at 
liberation  over  the  entire  reaction  zone  takes  place  according  to 
the  law  of  a  strongly  degenerated  thermal  explosion.  Apparently, 
all  the  porous  solid  explosives  satisfy  this  assumption.  In  this 
case  d^^  is  close  to  which  is  indicated  by  tr.e  strong 

dependence  of  D(d),  determined  experimentally  at  the  limits  of 
detonation  propagation.  In  fact,  from  Pig.  7^  it  is  clear  that 
when  d  -  the  cited  curve  has  a  vertical  tangent.  The  critical 
detonation  diameter  of  solid  explosives,  apparently,  may  be 
described  by  the  stationary  theory.  It  Is  unclear,  however,  which 
factors  determine  the  position  of  the  line  of  intersection  of  the 
sound  surface  with  the  shock  front  with  respect  to  the  charge 
boundary.  If  we  proceed  from  the  fact  that  the  subsonic  rtgion  of 
the  flow  strives  to  encompass  as  great  an  area  as  possible  of  the 
cross  section  of  the  charge,  then  the  mentioned  ■*'  .  he  ret 

up  at  a  distance  from  the  charge  limit,  comparable  with  its 
initls.1  Inhomoreneities. 

§  2.  Critical  Conditions  of 
Detonation  Propagation  in  Liquid 
Explosives  With  a  Rough  Front 


.Ncnstatlonary  Propagation  of  a 
Detonation  Front  in  Charges 
Without  a  Shell 

A  typical  representative  of  liquid  explosives  with  a  rough 
detonation  front  is  nltroroethane  and  its  mixtures  with  an  Inert 
solvent  (acetone),  mixtUMs  of  nitroglycerine  with  a  aufflclently 
large  quantity  of  methyl  alcohol,  mixtures  of  nitric  acid  with 
dichloroethane  and  so  forth.  As  was  pointed  out  above,  the 
roughness  of  the  detonation  front  in  liquid  explosives  testifies 
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to  the  f&ot  thtt  behind  the  shock  front,  which  has  a  detonation 
velocity,  the  kinetics  of  tb«  heat  iiberition  are  close  to  the 
law  of  a  norsal  thcraal  ej^loslon.  7t  is  precisely  this  circus* 
stance  that  leads  to  the  laposslbility  of  the  propagation  of  a 
one-dlBensional  detonation  process.  And  this  leads  to  instiiblllty 
of  the  detonation  front  on  the  free  boundary  of  the  charge. 

Experlsent  shows  that  during  the  propagation  of  detonation 
in  a  charge  without  a  shell  (B»re  precisely,  in  a  weak  shell)  from 
the  boundary  of  the  charge  every  now  and  then  "waves  of  reaction 
cessation"  proosgate,  whi-^h  replace  the  detonation  front  with  a 
shock  front,  and  each  tise  the  detonation  front  is  reestablished 
anew  along  the  entire  cross  section  of  the  charge  as  a  result  of 
the  adiabatic  flashes  of  the  eicploslve  behind  this  shock  front 
(Pig.  75).  Thus,  a  rough  detonation  front  Is  not  only  nicronon* 
&tatlonat7  due  to  the  existence  of  the  Inhomogeneltles,  but  also 
olcrononstationery  duo  to  the  waves  of  reaction  cessation.  Lateral 
rarefaction  arising  In  the  reaction  sone,  lead  to  the 

separation  of  the  adiabatic  flash  on  the  level  of  pressures, 
existing  in  the  Inhosogenelties.  Hew  Inhoaogeneities  are  therefore 
not  foraed,  the  old  ones  end  their  existence  on  the  boundary, 
and  thex^  arises  a  wave  of  reaction  cessation,  which  subsequently 
destroys  the  onconlng  inhOEogeneitles  in  Its  path. 


Fig.  75 •  Head-on  scan  of  the  luminescence 
of  the  detonation  front  in  nltromethane , 

A  Plexiglas  shell,  charge  diameter  of  30 
BB,  length  of  100  ms. 
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But  why  in  the  case  of  a  rough  detonation  front  In  liquid 
explosives  Is  a  quasl-stati  nary  regime  of  propagation  of  the 
process  not  established.  Apparently,  this  Is  connected  with  the 
very  strong  dependence  of  the  reaction  rate  on  the  temperature  and 
as  a  result  of  this  on  the  pressure  in  the  shock-compressed 
explosive.  As  a  result  of.  this  dependence  the  size  of  the  Inhomo- 
genelties  is  a  strongly  diminishing  function  of  the  detonation 
rate.  Therefore,  In  the  oblique  detonation  front,  which  should 
have  been  established  on  the  charge  boundary  in  the  case  of  a 
quasi-? tationary  regime,  the  size  of  the  Inhomogeneitles  wo-.ild 
reach  •■'.igantic  values,  due  to  which  the  concept  of  an  oblique 
detonation  froit  would  lose  all  meaning. 

Liquid  explosives  with  a  rough  detonation  front  do  not  have 
dlameterr,  of  stationary  detonation  propagation,  i.e.,  with  any 
o.iap’ter  the  detonation  will  be  nonstationary.  From  this  it  does 
not  follow  that  the  detonation  front  has  a  variable  velocity.  On 
the  contrary,  on  the  axis  of  the  charge,  as  experimentation  has 
shown,  it  always  propagates  with  a  constant  velocity,  which 
coincides  within  the  limits  of  accuracy  with  th-  ideal 

detcriation.  Nonctatlonarlty  of  the  detonation  front  Is  manifested 
In  tr.8  fact  t.  at,  the  distribution  of  the  parameters  on  Its  edges 
varle.s  all  the  time.  Thus,  the  theory  of  a  critical  diameter  In 
the  examined  liquid  explosives  ;r.M3t  be  nonstationary.  For  clarl- 
fi cation  of  the  basic  principles,  which  should  be  laid  down  on  the 
basis  of  it,  let  us  turn  to  the  experiment  on  the  investigation  of 
the  Mechanism  of  attenuation  and  restoration  of  the  detonatlor. 
front. 

The  Transfer  of  deto.n&vion  From  a 
Tube  to  a  Volume 

The  named  uechanlsra  appears  in  its  purest  form  during  the 
transfer  of  detonation  from  a  tube  with  rigid  walls  Into  a  wide 
volume,  occupied  by  the  explosive.  Head-on  scanning  of  this  process 
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Is  represented  In  Fig.  76  (a,  b).  At  first  the  size  of  the 
illuminated  region  is  constant  and  corresponds  to  the  tube  diameter 
d.  At  moment  t^  of  the  emergence  of  the  detonation  front  into  the 
voluiie  Its  boundaries  begin  to  constrict  with  constant  velocity 
toward  the  axis  of  the  charge.  This  velocity  may  be  determined  by 
measuring  th  angle  4.  It  turned  out  that  its  value  v  close  to  the 
rate  of  propagation  of  the  Inhomogeneities  along  the  surface  of  the 
detonation  front.  At  a  certain  moment  t^  to  tne  side  of  the  axis 
of  the  charge  there  arises  a  diverging  detonation  front  (points  A 
and  A'  in  Fig.  76),  the  boundaries  of  which  diverge  both  In  the 
direction  toward  the  i,harge  axis,  as  well  as  to  the  opposite 
sides.  At  a  certain  moment  t2  the  Internal  boundary  of  the 
diverging  detonation  front  overtakes  the  boundary  of  the  attenuating 
detonation  front,  and  from  this  moment  only  the  expansion  of  the 
area  of  the  detonation  front  occurs  right  up  to  the  moment  when 
the  entire  cross  section  of  the  volume  Is  encompassed. 


Fig.  76.  Head-on  scanning  of  the  luminescence 
of  the  detonation  front  in  nltromethane  during 
the  passage  of  detonation  from  the  tube  into 
the  volume  (a)  and  a  diagram  of  it  (b).  Tube 
diameter  Is  19  mm. 

With  Che  reduction  In  the  tube  diameter  we  discover  its 
critical  value,  below  which  the  transfer  of  detonation  into  the 
volume  does  not  cocur.  In  this  case  the  diverging  detonation 
front  Is  not  formed,  and  the  boundaries  of  the  detonation  front 
exiting  from  the  tube  with  the  same  constant  velocity  are  confined 
in  the  direction  to  the  axis  of  the  charge  right  up  to  the  total 
attenuation  of  detonation.  A  corresponding  head-on  scan  Is 
represented  In  Fig.  77. 
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of  the  detonation  front  in  a  mixture  of 
nltromethane  with  acetone  (75:25)  during;  ihe 
passage  of  the  detonation  from  the  tube  into 
the  volume  (diameter  of  the  tube  is  37  mm). 

The  critical  diameter  of  the  transfer  of  the  detonation  from 
the  tube  into  the  volume,  as  was  pointed  out,  depends  neither  on 
the  material,  nor  on  the  width  of  the  walls  of  the  tube,  if  only 
tue  detonatiri.  in  the  latter  propagates  stably.  It  is  interesting 
to  note  that  the  cited  diameter  coincides  with  good  accuracy  with 
the  critical  diameter  of  the  same  explosive,  which  Is  determined 
in  the  charges,  placed  into  the  thin  cellophane  shell.  Such  a 
coincidence  points  out  the  generality  of  the  r-  .  ’.r. ,  '.hich 
loads  to  the  attenuation  of  detonation  In  this  and  In  the  other 
case. 


uet  U3  examine  the  gas  dynamic  problem  cf  the  transfer  of 
detonation  from  a  cylindrical  tube  into  a  volume,  /.ccordlng  to 
head-on  seaming,  a  diverging  detonation  wave  is  formed  at  a 
considerable  distance  from  the  axis  of  the  charge,  wMeh  permits 
uj  to  simplify  the  problem  by  the  cubstltutiori  of  a  cylindrical 
diagram  of  the  flows  by  a  flat  diagram.  Such  a  substitution  does 
not  introduce  significant  distortions  into  the  structure  of  flows 
to  the  side  of  the  axis  of  the  Charge,  however  in  calculating  the 
induction  time  behind  the  shock  wave  between  a  cylindrical  and  a 
flat  diagram  significant  distortion  may  result.  Therefore,  in  an 
analysis  of  the  processes  connected  with  the  kinetics  of  the  heat 
liberation,  we  will  keep  In  mind  that  the  examined  problem  is 
cylindrical.  Figure  78  represents  a  crc>«3  section  of  a  charge 
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along  the  plane,  drattn  through  the  axis  of  syametry.  Let  us 
stipulate  that  the  leadoff  tlsM  runs  fro»  the  aonent  of  the  passage 
of  detonation  from  the  cube  Into  the  voluae. 


Pig.  78 •  Dlagran  of  the 
passage  of  the  de cona¬ 
tion  front  from  the  tube 
into  the  volUBie. 


As  experiment  shows,  the  surface  of  the  detonation  front  In 
the  tube,  as  well  as  after  its  passage  into  the  volume  Is  flat 
(In  the  macroscopic  sense).  This  fact,  apparently.  Is  explained 
by  the  interaction  of  the  Inbcraogeneltles  with  the  wall  as  with  an 
absolutely  rigid  barrier,  as  a  rjsult  of  which  valid  initiation  of 
the  reaction  is  ensured  on  the  'idges  of  the  charge  as  well.  In 
future  discussions  this  circumstance  will  be  used  to  a  significant 
degree . 


At  the  moment  of  passage  of  the  detonation  front  from  the 
tube  In  Its  boundaries  the  interaction  with  the  rigid  shell 
disappears.  Due  to  the  strong  dependence  of  the  rate  of  the 
reaction  on  the  temperature  (In  the  final  analysis,  on  the 
pressure)  on  the  boundaries  of  the  front  there  occurs  a  separation 
of  the  chemical  reaction  In  precisely  the  sanse  way,  as  on  the 
free  surface  of  the  charge.  Thus,  the  reaction  time  Increases 
with  a  Jmiq?  from  the  value,  which  existed  In  the  unlimited  detona¬ 
tion  front  (and  is  preserved  on  Its  sections,  which  lie  close  to 
the  axis  of  the  charge,  to  a  certain  greater  value.  Due  to  the 
strong  dependence  of  the  rate  of  the  reaction  on  the  pressure  its 
separation  occurs  practically  Immediately,  on  the  front  of  the 
rarefaction  wave.  Therefore,  on  the  surface  of  the  detonation 
front  a  wave  of  reaction  cessation  will  be  propogated  with  a 


185 


AD/&141/ 


208 


constant  veloc.Hy.  It?  Tftloclty  will  bft  d8terol..ed  by  the  velocity 
of  the  shift  of  the  leading  edge  of  the  rarefaction  wave  along  the 
surface  of  the  front.  This  value,  naturally,  is  connected  with 
the  sound  speeds  In  the  shock-corapreBsed  explosive  and  in  the 
products. 

Let  us  examine  the  flow  scheme  in  the  vicinity  of  the  boundary 
of  the  attenuating  detonation  front  In  approximation,  when  this 
front  can  be  assumed  to  be  a  separation  surface.  It  is  concrete, 
i*  d  a,  which  will  also  be  assumed  in  the  future.  But  this 
assumption  allows  us  to  assume  that  the  classicr.i  detonation  theory 
is  applicable  for  the  movement  of  the  detonation  front  both  in  the 
tubo,  as  well  as  In  the  volume.  In  particular,  the  products  of 
the  explosion  leave  the  detonation  front  with  the  speed  of  sound. 

Let  U3  connect  the  coordinate  system  with  point  A  (Fig.  79) > 
which  Is  situated  on  the  bo  indary  of  the  attenuating  detonation 
front.  In  this  coordinate  system  the  oncoming  flow  of  the  initial 
explosive  has  a  velocity  D*.  It  is  parallel  to  trajectory  3  on 
the  top  of  the  right  angle  l-l'  (in  the  giver  al.-.-t-,  system 
this  angle  moves).  The  velocity  of  the  flow  of  products  is 
the  vectorlol  r.ur.  of  the  velocity  of  the  wave  of  reaction  cessation 
along  the  front  v  aud  the  velocity  of  the  outflow  of  products  from 
the  front,  which  in  conforr-ani''--  with  the  assumption  that  d  >>  a  is 
none  other  than  the  speeu  of  sound  ( Chapman- Jouguet  principle). 
Shod:  front  formed  as  a  result  of  the  expansion  of  the  products 
to  the  sides  and  of  the  expansion  of  the  initial  explosive  by 
them,  it  Joins  attenuating  detonation  front  2.  As  a  result  of  the 
expansion  of  the  products  to  the  sides  the  pressure  in  them  must 
fall.  Therefore,  in  the  flow  of  the  products  a  rarefaction  wave 
6-6*  is  established.  The  flow  of  products,  having  avoided  the 
rarefaction  wave,  becomes  parallel  to  the  flow  of  the  explosive 
behind  shock  front  *4.  The  pressure  n  both  sides  of  the  interface 
5  must  be  identical.  In  the  future,  all  the  values  referring  to 
one  of  these  regions  (0\  (1),  (2),  (3),  ('<)  (Pig.  95)  will  be 
designated  by  letters  with  the  corresponding  subscripts  0,  1,  2,  3, 
4. 
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Pig.  79.  Structure 
of  the  floMS  in  the 
vicinity  of  the 
boundary  of  the  attei 
uatlng  detonation  j 
front.  / 


The  flows  In  region  (0)  and  (1)  are  detenalned/by  the  fulflll- 
iisnt  of  the  conditions  of  the  probles,  since  the  rsfte  of  detona> 
tlon  D,  the  rate  of  aoveaent  of  the  wave  of  the  reaction  cessation 
V  and  the  velocity  of  the  product  outflow  from  the  front  are 
detersdned  by  the  propeirtles  of  the  selected  explosive.  All  the 
remaining  piraateters  of  the  flow  may  be  calculated,  if  we  know 
the  equation  of  state  of  the  initial  explosive  or  st  least  its 
shock  adiabatic  curve*  and  also  the  isentrope  of  the  explosion 
products.  Henceforth  we  shall  aasuise  that  all  the  eleatsnts  of  the 
cited  scheme  of  flows  are  known;  the  specific  calculation  for 
nltromethane  and  cast  trotyl  la  shown  in  work  Cl^53. 

It  ia  possible  to  show  that  Ug  and  are  greater  than  the 
corresponding  speeds  of  aound  Cg  and  c^.  Actually*  the  normal 
cowponent  of  the  flow,  intersecting  the  boundary  of  the  Prandtl- 
Heyer  flow,  is  equal  to  the  spaed  of  sound  at  the  given  point  in 
space.  Consequently*  the  total  velocity  Ug  >  Cg. 

The  second  inequality  u^  >  is  proven,  on  the  strength  of 
the  physical  concept  of  the  speed  of  the  wave  of  reaction  cessation 
V.  Let  us  submit  for  the  moment  that  the  shock  front  4  does  not 
diverge  with  respect  to  the  detonation  front  2.  In  this  case 
velocity  would  have  a  lower  value  than  it  does  in  fact  have. 

On  the  other  hand*  it  would  be  equal  to  the  speed  of  sound  cl, 
corresponding  to  a  pressure  not  lower  than  the  pressure  of  the 
weak  sections  of  the  detonation  front.  In  turn,  the  weak  sections 
have  a  preasure  of  not  less  than  that  obtained  behind  the  shock 
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front  as  a  result  of  the  disappearance  of  the  reaction  over  the 
entire  area,  l.e.,  during  the  discharging  of  the  reaction  products 
forward  along  the  detonation  path.  Shook  front  ^  corresponds  to 
the  discharging  of  the  same  products  to  the  side  and  therefore  has 
a  lower  pressure.  Consequently,  <  c|.  However,  In  such  a  case 

U3  >  U‘  W  Cp  Cy 

Prom  the  demonstrated  Inequalities 

9e>€t  (79) 

It  follov;3  that  the  examined  scheme  of  flows  Is  correct  not  only 
in  the  small  vicinity  of  point  A,  but  also  in  a  certain  finite 
re^^lon  of  space  around  this  point.  The  boundary  of  this  region 
from  f'.e  aspect  of  the  shock-ccirnressed  explosive  and  the  rarefied 
products  is  the  leading  edge  of  the  second  rarefaction  wave  7->7'. 

The  latter  forms  beca-^se  of  the  same  reason,  that  the  products 
and  the  compressed  explosive  must  of  necessity  somewhere  be  dis¬ 
charged  to  the  pressure  of  the  medium  surround^  -  •  .  ■  d-'  onation 

charge.  7he  point  of  intersection  F  of  boundary  7-7'  with  the 
separation  su’-face  5  l.n  removed  from  point  A  with  velocity  Up, 

which  is  equal  to  the  lesser  of  values  u-  -  c,  or  u,  -  C-.  For 

d  d  i  5 

example,  let  us  assume  tl.at  -  c^  <  -  c^.  This  means  that 

the  sonic  disturbance  in  the  product  is  coranunluated  with  a  flow 
velocity  lens  than  the  sonic  disturbance  proceeding  in  the 
explosive.  In  this  case  point  P  will  shift  with  a  velocity  u^  -  c^, 
while  the  front  of  the  rarefaction  wave  in  the  compressed  explosive 
will  form  such  an  angle  to  the  line  of  separation  5.  so  as  to 
anablle  .it  to  interlock  with  the  front  of  the  rarefaction  wave, 
propagating  from  the  products.  In  other  words,  in  the  examined 
case  the  rarefaction  wave  in  the  products  "loads"  the  rarefaction 
wave  in  the  compressed  explosives.  This  may  lead  only  to  the 
attenuation  of  the  steepness  of  its  front,  but  it  will  not  be 
expressed  in  its  velocity.  Tnus,  point  F  shifts  with  the  speed  of 
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th«  loading  wavoj  and  therofort  Up  •  Uj  “  ®2»  i*®**  speed  Is 
actually  equal  to  the  leaser  of  the  sited  velocities. 

(^ehaolsm  of  Detonation  Cessation 

The  explosive  shotm  in  region  3  has  the  potential  of  flaring 
up  after  the  lapse  of  the  induction  period  t,  which  Is  detenalned 
b;  the  conditions  behind  shock  front  b.  Thus,  t  Is  that  value, 
to  which  the  reaction  tine  Increases  after  the  disappearance  of 
interaction  of  the  detonation  front  with  the  wall  of  the  tube. 

It  is  necessary  to  point  out  the.  the  induction  tlae  t  Is 
related  not  only  wi:h  the  pz^essure  behind  the  shock  front,  but 
even  with  the  rate  of  fall  of  t  ie  prassure.ln  each  particle  of 
the  explosive  after  its  passage  through  the  shook  front.  In  the 
case  of  a  flat  systea  of  flows  the  fall  in  the  paraaeters  behind 
shock  front  b  right  up  to  the  rarefaction  wave  7-7*  does  not 
take  place.  However,  actually  the  systea  of  flows  Is  cylindrical, 
and  therefore  the  flow  of  the  explosive  behind  the  shook  front 
is  diverging  froa  the  nxls  of  the  charge  and  the  preesure  in  this 
flow  falls  in  prqoortion  to  the  distance  sway  froa  point  k.  Con¬ 
sequently,  Induction  period  t  In  this  case  is  greater  than  It 
would  be  in  the  case  of  a  shock  front  of  the  sa:?e  aaplitude,  but 
with  constant  parametera  behind  it. 

At  first  deflagration  takes  place  only  at  that  swoent  tj^, 
when  the  portion  of  the  explosive,  which  reoained  in  region  3  not 
less  than  the  induction  period,  reaches  point  ?.  Toward  soaent 
tj^  point  F  will  Bove  away  froa  point  A  by  the  distance  u^tj, ,  since 
these  points  coincided  initially.  The  saao  path  is  traversed  by 
a  section  of  the  explosive  uith  speed  u^  for  tiae  r: 

aA'-hfr  (80) 
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Th<8  fltah  of  the  cos^ressed  explosives  at  point  Just  as  in  the 
initiation  of  detonation  by  the  shock  wave,  leada  to  the  formation 
of  detonation  in  the  compressed  explosive.  It  is  propagated  to 
all  sides,  Including  in  the  direction  oi  the  attenuating  detonation 
front.  OvercoKing  shock  front  ft,  the  regenerated  detonation  leads 
to  the  initiation  of  an  ordinary  detonation  front  in  the  initial 
explosive,  which  by  Its  boundaries  is  based  on  the  detonation  in 
the  compressed  explosive.  Points  A  and  A'  o.i  the  head-on  scan  of 
Pig.  76  also  corresponds  to  this  moment  precisely. 

Because  of  the  fact  that  the  regenerated  detonation  front 
(Pig.  80)  Interlocks  its  '>dges  with  the  detonatlc":  front,  propagating 
through  the  compressed  explos:'  ^e,  It  is  overcompressed  on  the 
edges,  since  the  pressure  behind  the  detonation  front  in  the 
compressed  explosive  is  higher  than  the  pressure  behind  the  normal 
detonation  fi'ont  in  the  initial  explosive.  Consequently,  the 
detonation  front  In  the  initial  exol-^slve  on  tne  edges  must  be 
even  more  stable  than  in  the  center.  The  stability  of  the  entire 
regenerated  configuration  of  the  detonation  fronts  depends  mainly 
on  the  possibility  of  stable  propagation  of  de'^  .  .  or  tl  rough 

the  compressed  explosives.  In  nltromethane,  mixtures  of  It  with 
acetone  and  melted  trotyl  detonation  in  the  compressed  explosive, 
as  experiment  shows,  io  stably  propagi^ted  both  to  the  axis  of  the 
cna.'ge.  and  in  the  counterdlrcction,  i.e.,  also  in  the  region 
encompassed  by  tne  rarefucoion  wave  -  helow  7-7'  (see  Fig,  79). 

Pig,  8c.  Diagram  of 
the  propagation  of  a 
diverging  detonation 
front,  a)  detonation 
front  in  the  compressed 
explosive;  b)  diverging 
detonation  front. 
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L*t  at  dattndne  tlKw  t^*  potted  fro»  the  first  deflsgration 
to  the  MOMent  ohen  detonetlon  of  the  eoaq>r«889d  explotlTe  orertaices 
the  boundary  of  the  attenuating  detonation  waye»  assunins  as  known 
the  rate  of  detonation  in  the  ooqpretsed  eaplotive  ^2  assuadng 
that  this  detonation  la  fomilated  praetiealXy  at  one  point: 


In  the  nuKt’ator  v«  have  the  path^  lAlch  has  to  past  the  detonation 
in  region  (3)>  and  In  the  denoednator  •>  the  velocity,  with  whleh 
the  detonation  overcoKs  thle  path.  Thus,  the  attenuation  of  the 
detonation  front  after  its  exit  froa  the  tube  into  the  voluae  will 
cease  after 


(82) 

After  this  tltss  the  opposite  points,  lying  on  the  boundary  of  the 
attenuating  detonation  front,  will  succeed  in  decreasing  to  value 

(83) 

Experlaent  shows  that  the  critical  dlaioeter  on  the  transfer 
of  detonation  froH  the  tube  to  the  voluae  coincides  with  dj^.  It 
was  found  that  detonation  cannot  disperse  even  in  the  case  where 
the  deflagration  of  the  explosive  behind  shock  front  4  occurs, 
but  the  arising  detonation  in  the  covpreseed  explosive  does  not 
succeed  in  reaching  the  '  oundary  of  the  attenuating  detonation 
front  before  its  dir'ippsfrT^noe.  In  this  case  the  flash  which  was 
about  to  arise  attenuates.  The  reason  for  the  behavior  of  the 
detonation,  apparently,  lies  in  the  fomstion  of  a  rarefaction 
wave  diverging  froa  tne  axis  of  the  charge,  which  we  shall  call 
the  central  rarefaction  wave.  It  is  fomed  in  sonents  of  total 
disappearance  of  the  attenuating  detonation  front.  Actually,  the 
latter  served  as  the  source,  feeding  shock  front  4  and  sustnining 
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constant  pressura  in  region  3.  The  disappearance  of  such  a  scurcp 
is  equivalent  to  the  energence  of  a  new  rarefaction  wave  on  the 
charHi  a?l5. 

The  central  rarefaction  wave  encounters  detonation  from  the 
compreisvd  explosive  (If  the  latter  has  arisen)  and  quickly  trans¬ 
fers  the  edge  of  the  diverging  detonation  front  from  ovorconpresslrn. 
With  the  rapid  removal  of  ovcrcoapression  there  occurs  a  separation 
of  the  reaction,  and  the  diverging  detonation  front  attenuates. 

Tne  same  thing  occurs  j-lth  the  other  boundary  of  the  diverging 
detonation  front.  If  the  central  rarefaction  wave  arises  earlier 
than  the  deflagration  of  the  explosive  behind  shock  front  ll,  then 
it  may.  In  general,  destroy  the  possibility  of  ignition,  l.e., 
deflagration  will  not  occur  at  all. 

If  In  S7me  manner  the  central  rarefaction  wave  attenuates, 
then  deflagration  and  divergence  of  detonation  would  have  to  be 
observed  also  after  the  disappearance  on  the  attenuating  detonation 
front.  The  central  rarefaction  wave  can  be  weakened  by  the 
replacement  of  the  cylindrical  tube  by  a  flat  ,  i-.,  Iviving  a 

rectangular  cross  section,  one  side  of  which  Is  considerably 
larger  than  th-^  other.  In  this  case  th:  .entraJ  rarefaction  wave 
will  be  weaker  because  the  compressed  substance  after  the  dioaprc-ar- 
ance  of  tne  attenuating  detonation  front  will  have  to  discharge 
not  to  all  sides  of  the  axis  of  the  iharge,  but  only  into  cwc  sides 
from  the  plane  of  synmetry.  Experlrnents  conducted  with  flat  tubes 
have  shown  that  the  deflagration  and  expansion  of  detonation  in 
the  volume  take  place  even  much  later  after  the  disappearance  of 
the  attenuating  detonation  front,  where  the  def.'.agratlon  can  also 
take  place  on  the  plane  of  syaaetry  of  the  charge,  l.e.,  clearly 
In  the  region  encompasred  by  the  central  rarefaction  wave. 

As  was  already  pointed  out,  the  critical  diameter  of  the 
transition  of  detonation  from  the  tube  into  a  volume,  designated 
subsequently  as  dj,  coincides  jqpproxlmately  with  the  critical 


196 


AD751417  -  215 


dlMttcr  of  tht  given  ohirge  In  a  wttic  shell.  Such  a  coincidence 
1(  not  aocldenttl  and  is  oonnaofcad  vith  the  identical  sechanism  of 
fomatlon  of  the  wave  of  reaction  oesaation  and  of  the  rc8tc«^tion 
of  the  detonation  wave. 

Actually,  detonation  In  the  charge  of  the  liquid  explosive 
In  a  weak  shell  la  aceoapanltd  by  periodic  attenuation  of  the 
detonation  front  after  its  boundaries  have  ooae  in  contact  with 
the  free  surface  of  the  ohax>ge  and  after  its  subsequent  restoration 
as  a  result  of  tba  deflagration  and  detonation  of  the  compressed 
explosive  (see  Mg.  75).  Pulsations  of  the  surface  of  the  detona¬ 
tion  front,  p'*opacating  through  the  charge  In  a  weak  cellophane 
shell,  have,  however,  an  irregular  ch&raeter  and  occur  asynchronously 
froB  various  sidta  from  the  &nis  of  the  chai^. 

The  difference  bettfeen  d.  and  d„.  can  arise  as  a  result  of 

i  sp 

the  fact  that  in  the  first  caee  the  attenuating  detonation  front 
is  oacroplane,  and  in  the  second  ease  it,  as  a  result  of  several 
pulsations,  becoaes  convex.  Beoause  of  this,  shock  front  H 
cooprlses  the  saaller  engle  with  the  axis  of  the  charge,  increases 
the  divergence  of  the  flow  from  the  axle  behind  this  front  and 
increases  the  induction  perl-Td.  In  other  words,  for  this  resson 
d^p  >  d^  Bust  exist.  However,  the  above-cited  irregularity  of 
the  pulsations  of  the  front  nay  In  the  second  case  lead  to  the 
oppoelte  result,  since  the  wave  of  reaction  cessation,  arising 
only  froB  one  side  of  the  charge,  nay  penetrate  further  th<-n  the 
axis,  without  leading  to  the  SBergence  of  a  central  rarefaction 
wave.  Coinoldenoe  between  dj^  and  shows  that  the  given  Tf^:jiSona 
p.^aotically  balance  one  another. 

Thus,  expression  (63)  can  be  assuned  for  the  spproxinate 
foraula  for  the  orltioal  dlaseter  uf  detonation  of  the  exanined 
llqold  explosives.  It  fol.i^wa  froa  this  foraula  that  the  critical 
dianeter  is  detensined  n^t  by  the  reaction  tine  in  the  detonation 
wave,  but  by  the  greater  induction  tiae  behind  the  shock  frotiv, 
adjoining  the  attenuating  detonation  front,  ^therefore 
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<*>*.  m) 

where  a,  as  always,  is  the  width  of  the  reaction  zone.  Inequality 
(8JJ)  shows  that  the  rou^  detonation  front  on  the  axis  of  the 
charge  even  In  the  '  Icinity  of  Its  limit  of  propagation  may  be 
TKaalned  from  the  viewpoint  of  the  theory  of  ideal  detonation.  In 
particular.  Its  speed  in  confonnance  with  experimentation  must  bo 
equal  to  the  speed  of  Ideal  detonation. 

Prom  formula  (83)  a  calculation  was  made  of  the  ritic  d^A 
for  nltromethane,  mixtures  of  it  with  acetone  and  melted  trotyl 
[1^»5,  1^6].  The  calculation  error,  detennlned  mainly  by  the 
accuracy  of  the  initial  data,  is  equal  to  20 J.  It  was  found  that 
values  of  d,A,  calculated  and  measured  from  head-on  pcar.j  during 

s 

the  transition  of  detonation  from  a  tube  to  a  volume,  differ  by 
19?  in  the  case  of  nltromethane  and  3-8)1  in  the  remaining  cases. 
Such  a  result  can  be  taken  as  good  confirmation  of  the  theory. 

It  is  interesting  to  note  the  formal  similarity  of  expression 
(83)  with  Khariton’s  formula,  which  is  found,  ‘  .  .i!-  'niier 

with  T  in  (83)  is  designated  by  2c'.  The  value  of  c*  for  nltro¬ 
methane  and  mixtures  of  it  with  acetone  is  equal  to  14  km/s,  and 
with  a  certain  degree  of  stretching  It  can  be  taken  as  the  speed 
of  cound.  However,  in  contrast  to  Khariton’s  formula  the  value  of 
T  in  expression  (83)  represents  the  reaction  time  not  In  t*’e 
detonation  front,  but  behind  the  shock  front  adjoining  it. 

5  3.  The  Nature  of  the  Critical 
Diameter  of  Detonation  of  Liquid 
Explosives  with  r  One-Dlmenslonal 
Reaction  Zone- 


Comparison  of  Liquid  Explosives 
Prom  the  Viewpoint  of  the  Structure 
of  the  Detonation  Front 

Xn  the  0038  of  a  smooth  detonation  front  the  process  of  heat 
liberation  in  the  reaction  aone  occurs  according  to  the  law  of 
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a  d«genep*ted  thermal  exploaion.  The  hipest  degree  of  degeneration 
from  studied  liquid  ejq>lo8i7es  is  observed  in  tetranitiroBwthane . 
Therefore t  using  it  as  w  example,  the  most  clearly  expressed 
differences  are  those  in  the  behavior  '■f  the  detonation  front  from 
the  Just  examined  case  of  liquid  explosives  mithout  a  one-diisenslor.al 
reaction  sone.  Figure  8l  shows  ln«time  scans  of  the  luminescencs 
of  the  detonation  front  during  the  passage  of  the  latter  from  the 
tube  into  the  volume  for  two  different  diameters  of  the  tube.  The 
detonation  attenuation  observable  with  a  smaller  diameter  after  its 
passage  into  the  voIubk  is  reminescent  of  the  coiresponding  picture 
for  the  case  of  explosives  with  a  rou^  detonation  front,  with  the 
exception,  however,  that  the  rate  of  the  wave  of  reaction  cessation 
depends  strongly  on  the  tube  diameter  and  is  not  constant  in  time. 


Pig.  8l.  Headooc  scan  of  the  luminescence 
of  the  detonation  fwnt  in  tetranltro- 
methane  during  its  passage  from  the  tube 
into  the  volume.  Tube  diameter;  a)  15 
nm;  b)  35  s. 


With  a  certain  tube  diameter  (16-17  on)  after  the  transfer  of 
detonation  Into  the  volume  the  area  of  a  front  is  not  yet  shortened, 
but  remains  constant.  Thua,  detonation  is  propagated  throuedi  the 
volume,  as  if  it  were  going  through  an  extension  of  the  tube. 
Although  in  this  case  detonation  does  not  diverge  thraugh  the 
volume,  it  nevertheless  does  not  attenuate,  and  the  corresponding 
diameter  should  be  assumed  to  be  the  critical  diameter  of  the 
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transfer  of  detonation  froip  the  tube  into  the  volume.  In  propor¬ 
tion  to  the  further  Increase  In  the  diameter  the  detonation  front 
becomes  divergent,  as  if  after  leaving  the  tube  it  were  continuing 
its  movement  within  the  limits  of  a  certain  cone,  whcse  opening 
angle  Increases  together  with  the  tube  diameter. 

The  critical  diameter  of  the  transitior;  of  detonation  from  the 
tube  into  the  volume,  as  experimentation  has  shewn,  eol.icldes  with 
the  critical  diameter  of  propagation  of  detonation  In  glass  tubes. 
This  bears  witness.  Just  a.-  before,  to  the  similarity  cf  the 
processes  which  determine  the  critical  ciameters  of  the  cited 
forms . 

Besides  the  above-expounded  differences,  tetranitroraethane 
'.h'.o  possesses  properties,  which  unite  it  into  a  single  class  with 
excicsives  with  a  rough  detonation  front. 

In  the  study  of  detonation  of  liquid  explosives  with  suffi¬ 
ciently  large  values  an  interesting  phenomenon  was  discovered, 
which  Is  not  explainable  from  the  viewpoint  of  , 

mentl -.inr-d  in  the  beginning  of  this  chapter.  It  was  found  that  tne 
critical  Icto.'.a*- j  diameter  decreased  rharply,  if  the  internal 

wall  cf  Coe  glass  or  other  employed  no.nmetallic  shell  was  covered 
with  a  thin  metallic  foil.  If,  as  is  tacitly  assumed  in  the  cited 
work:-,  ti.e  critical  diameter  coincided  with  d  ,  ,  then  for  a 
„lcnifl?anl  decrease  in  this  value  a  shell  would  be  reoulrea, 
conparyolc-  in  width  with  since  a  thin  shell  is  not  capable 

.'f  significantly  affecting  the  divergence  of  the  flow.  Since  d 

Kp 

ic  much  greater  thin  the  width  of  the  foil,  then 

Tetranltrcmethane,  In  comparison  with  liquid  explosives 
having  a  rough  detonation  front,  has  an  additional  peculiarity. 

In  liquid  explosives  with  a  rough  detonation  front  the  above- 
cited  width  of  the  foil  must  be  of  the  order  of  the  size  of  the 
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lnbo«og*neltieB  (and*  consAquentlj*  siaultanoously  of  the  width  of 
the  reaction  tone)*  which  has  a  slnple  explanation.  An  extreme 
inhomogeneity  after  Its  collision  with  the  shell  muat  rest  for  a 
sufficient  tine  on  the  wall*  so  that  the  adiabatic  flash  in  it  can 
pass  through  before  the  arrival  of  the  rarefaction  wave  from  the 
outer  boundary  of  the  shell.  In  contrast  to  the  cited  liquid 
explosive  ti.a  width  of  the  shell  made  from  foil*  which  substantially 
reduces  the  critical  diameter  of  the  tetranitromethane  (from  16  to 
6  rb}*  Is  equal  to  0.05  na*  which  is  significantly  leas  than  the 
width  of  the  reaction  eone  of  2  an.  A  tentative  explanation  of 
this  fact  is  that  the  shell  nust  in  this  case  maintain  the  param~ 
eters  of  the  shock  conpresslon  on  the  boundary  of  the  charge  only  ^ 
during  the  initial  period  of  occurrence  of  the  reaction,  when  the 
latter  has  not  yet  reached  sufficient  speeds 

In  all  the  inves  tlgated  liquid  explosives  there  was  also 
detected  a  somewhat  different  effect  of  the  thin  shell,  which 
consists  In  the  following.  If  during  the  passage  of  detonation 
from  the  tube  into  the  volume  there  is  established  in  the  latter 
a  continuation  of  the  tube  from  the  thin  metallic  foil,  then  even 
with  a  tube  diameter  greater  than  critical  detonation  in  the 
voluroe  is  propagated  only  within  the  limits  of  the  cylinder, 
limited  by  the  foil.  Let  us  recall  that  with  the  absence  of  the 
latter  the  detonation  front  in  tetranitromethane  would  diverge 
within  the  limits  of  a  cone,  while  in  liquid  explosives  with  a 
nonone-dlmcnslonal  reaction  zone  a  detonation  wave  diverging  into 
the  entire  volume  would  arise. 

It  is  interesting  to  note  that  if  the  mentioned  tube  made 
from  foil  is  shortened  and  stops  within  the  limits  of  the  volume, 
then  after  leaving  it  the  detonation  front  behaves  preclrely  in 
the  same  way  as  during  passage  from  the  rigid  tube  Into  the  volume. 
Let  us  now  examine  all  these  phenonmna  from  theoretical  positions. 
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Peculiarities  of  the  Flow  Around 
the  Llislt  of  an  Attenuating 
Detonation  Front 

In  constructing  the  flow  aeheme  for  liquid  explosives  with  a 
nonone-dlBensional  reaction  xone  two  assumptions  are  used:  thau 
of  the  practically  instantaneous  separation  of  the  reaction  at 
the  forwardnost  edge  of  the  rarefaction  wave  and  that  of  the 
initiation  of  detonation  in  the  compressed  explosives  within  the 
lltslts  of  a  very  small  volume,  which,  practically  speaking,  can 
be  assumed  to  be  a  point,  T'hese  assumptions  can  be  fulfilled  only 
for  those  explosives,  in  which  the  kinetics  of  the  heat  liberation 
correspond  to  the  law  of  a  normal  thermal  explosive. 

What  will  happen  with  a  departure  from  this  law?  Obviously, 
in  proportion  to  Its  degeneration  there  will  be  a  breakdown  in  the 
r.eometrlc  rect-l linearity  of  the  system  of  flows,  represented  in 
Pig.  8o  fcr  the  limiting  case.  Actually,  althougli  the  forward 
boundary  of  the  lateral  rarefaction  wave  must,  as  before,  propagate 
over  the  area  of  the  detonation  front  with  a  constant  speed,  the 
line  of  separation  of  the  chemical  reaction  wll.  ...  from 

thlfc'  ioutri.iry  by  the  value,  determined  by  the  deepness  of  the 
rarefaction  wave. 

For  the  transfer  from  the  tube  Into  the  volume  the  latter 
designates  that  at  the  Initial  moment,  l.e.,  when  leaving  the 
tube,  the  separation  line  almost  coincides  with  the  forward  boundary 
of  the  rarefaction  wave,  then  the  distance  between  them  grows 
as  the  rarefaction  becomes  smoother.  Finally,  in  the  vicinity  of 
the  axis  of  the  charge  as  a  result  of  the  divergence  of  the  flow 
the  BteepneB.s  of  the  rarefaction  curve  again  Increase.^,  and  the 
aeparation  line  again  must  approach  the  leading  edge  of  the 
disturbance,  going  along  the  reaction  tone.  Thus,  the  observable 
variable  speed  of  the  boundary  of  the  attenuating  detonation  front 
and  its  dependence  on  the  initial  diameter  of  the  tube  can  be 
explained  naturally.  It  is  sufficient  only  to  assume  that  this 
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boundary  coincides  vlth  the  line  of  separation  and  to  keep  in  mind 
that  with  a  rise  In  the  tube  diaaeter  the  divergence  of  the  flow 
to  the  sides  of  the  charge  axis  decreases  and,  consequently,  the 
steepness  of  the  rarefaction  wave,  propagating  over  the  area  of 
the  dettmation  front,  also  decreues. 

Thus,  with  the  deviation  of  the  law  of  a  thsroal  explosion 
from  nor»tl  first  of  all  point  A  in  Pig.  79  Is  blurred  into  the 
region  of  separation  of  finite  diawnaions,  depending  on  the  initial 
diaaeter  of  the  detonation  front  (sone  A-A*  in  Pig.  82),  since  in 
this  region  the  awplltude  of  the  shock  front  is  weakened,  the 
edges  of  the  latter  nust  fall.  In  turn  this  leads  to  a  lower  value 
of  the  angle  between  shook  front  4  and  the  axis  of  the  char,;-  , 
i.e.,  to  a  reduction  in  its  an^jlltude  and  to  an  increase  in  the 
flow  divergence  froa  the  wentloned  axis,  i^ius,  as  the  region  of 
separation  A-A*  expands,  the  conditions  of  Initiation  of  detonation 
behind  shock  front  4  asust  deteriorate. 

At  a  certlan  stage  of  degeneration  of  the  law  of  thennal 
explosion  there  is  a  qualitative  abrupt  change,  connected  with  the 
Iwposslblllty  of  the  foraation  of  detonation  in  the  compressed 
explosive  behind  shock  front  4.  Apparently,  tetranltroisethane 
conforms  exactly  to  the  latter  inclusion.  In  this  case  the 
critical  diameter  of  the  transfer  of  detonation  from  the  tube 
Into  the  volume  Is  determined  not  by  the  flash  of  the  explosive 
behind  the  shock  front  4,  but  by  the  dependence  of  the  rate  of 
propagation  of  the  separation  line  to  the  axis  of  the  charge  on 
the  tuba  diameter.  This  rate  decreases  to  sero  with  the  increase 
in  the  tube  diameter  and  then  becomes  negative  (I.e.,  directed 
from  the  axis  of  the  charge)  this  permits  us  to  explain  the 
observed  coincidence  of  critical  diameters  during  the  transfer  of 
detonation  from  the  tube  into  the  volume  and  during  Its  propagation 
in  cylindrical  charges.  At  a  sero  rate  of  attenuation  of  the 
detonation  front  behind  shook  front  4  supersonic  flow  of  the 
oos^resaed  explosive  takes  place.  In  this  case  the  flow  within 
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the  'imlts  of  the  detonation  front  would  not  change,  if  In  the 
cited  flow  a  free  charge  boundary  was  found.  From  this  c'r.o 
follows  the  coincidence  of  the  two  forms  of  critical  diameter  ff'r 
tetranitromethane . 


Fig.  82.  Diagram  of  the 
attenuation  of  detonation 
with  a  one-dimensional 
zone  in  a  liquid  explo¬ 
sive  during  the  passage 
of  the  detonation  Ccoiit 
from  a  tube  into  a 
volume . 

KEY:  a)  Axis  of  the  tube. 


Prom  wiiat  ha.i  been  said  it  follows  that -the  critical  diameter 
of  Che  charge  of  tetranitrometbane  without  a  shell  must  be  described 
by  the  stationary  theory,  i.e,, 

(Iff  »■  > 


It  Is  difficuit  to  confirm  this  conciasior.  with  direct  experimental 
checking,  at  Least  until  the  mecnanlc  of  the  effect  of  a  thin 
.shell  on  the  value  of  ihe  critical  Jlaiueter  is  completely  clarified. 
Actually,  charges  of  tetranlt^omethane,  as  with  any  liquid  explo¬ 
sive,  must  have  some  kind  of  shell.  However,  In  such  a  case  the 
reason  for  stationary  propagation  of  detonation  in  thece  charges 
can  be  attributed  with  certain  care  wO  the  effect  of  the  given 
shell. 

The  following  experimental  fact  indirectly  bears  witness  in 
favor  of  equality  (86).  It  was  found  that  during  the  propagation 
of  the  detonation  front,  resting  with  one  edge  on  the  free  boundary 
of  the  tetranitrometbane,  no  pulsations  of  the  area  of  the  front 
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irtr«  (UfeeQted,  suoh  u  o^eur  in  &  slallar  situation  vlth  liquid 
eaploslves  ulth  a  nonoM-digMosioDal  reaction  zone.  In  this 
respect  the  detonation/ of  tetranltroaethane  is  sisdlar  to  the 
detonation  of  solid  i^loslvea. 

Let  us  exaalne/ln  nsre  detail  the  poaslble  reasons  for  the 
Btrostg  Influence  of  the  thin  shell  on  the  ealue  of  the  critical 
dianeter  of  the  dnonation  of  tetranitroMthane.  As  was  already 
Mntloned,  the  pi^sence  of  such  an  effect  teetifies  to  the  great 
difference  between  solid  explosives  and  tetrxnitroaethane  and 

places  the  latt;Sr  into  a  single  category  with  other  liquid  explo- 

/ 

sives. 

The  Effect  of  a  Thin  Shell 

To  clarify  the  role  of  the  thin  shell  let  us  construct  one  of 
the  possible  scheiMs  of  flow  in  the  vicinity  of  the  charge  boundary 
with  the  shell  (Pig.  83).  As  is  usual,  the  picture  of  the  flows 
Is  exasLlned  In  a  system  of  coordinates,  connected  with  the  detona¬ 
tion  fi'ont.  In  order  for  this  picture  to  be  stationary,  the  flow 
behind  the  shock  front  in  the  vicinity  of  point  A  nust  be  super¬ 
sonic.  In  the  opposite  case,  the  boundary  of  the  stationary 
rarefaction  wave  A ’PE  could  not  be  established  in  this  flow. 

Pig.  83.  Approximate 
dlsgrauD  of  the  flows  in 
a  stationary  detonation 
wave  when  there  is  a 
thin  netal  shell. 


The  flow  behind  the  shock  front  of  detonation  AB  in  the 
vicinity  of  point  A  may  turn  out  to  be  both  supersonic,  as  well  as 
subsonic.  In  the  first  case  the  structure  of  the  flows  in  the 
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reaction  zone  would  b&slc&lly  not  differ  from  that  examined  earlier 
for  a  charge  without  a  shell  (see  Fig.  71).  Just  as  before,  the 
sonic  Surface  would  have  to  Intersect  the  shock  front  AB,  and  the 
effect  of  the  shell  would  be  exerted  only  in  the  region  of  the 
supersonic  flow  of  the  reacting  nedlum.  For  this  reason  the  given 
case  probably  has  no  relationship  with  the  effect  of  the  thin 
shell. 

In  the  second  case,  i.e.,  with  a  subsonic  speed  of  flow  of 
the  reacting  medium  away  from  point  A,  the  sonic  surface  CD  does 
not  intersect  the  shock  front  of  detonation.  Apparently,  In  this 
case  we  may  assume  tha'  the  shell  substitutes  itself  for  the 
Imaginary  section  of  the  detonation  front  AC,  which  should  have 
maintained  approximately  the  same  conditions  of  stationary  propa¬ 
gation  of  detonation  on  boundary  AD  with  no  shell  present. 

Tne  pi'eceding  assumption  allows  us  to  explain  the  effect  of 
a  thin  shell  by  supposing  that  the  imaginary  section  of  the 
detonation  front  has  such  lai'ge  dimensions,  that  with  no  shell 
present  the  charge  diameter  must  be  increased  ‘  .  r.-l  times, 

.so  that  a  '•■tatlonary  detbnatlon  front  can  be  propagated  through 
the  latter.  Under  such  conditions  1.'’  tnis  possible? 

Let  us  return  to  the  fundamental  expression  (67).  It  follows 
fro.ii  it  that  in  the  region  of  subsonic  flow  In  the  reaction  zone 
the  following  Inequality  must  exist 

(87) 

However,  the  divergence  of  t.ne  flow  djldl  directly  behind  the  shock 
front,  with  the  other  conditions  remaining  constant,  la  apparently 
a  roonotonlcally  increasing  function  of  the  slope  of  the  latter. 
Consequently,  depending  on  the  kinetics  of  the  heat  liberation  in 
the  reaction  zone  at  the  Initial  moment  after  the  shock  compression 
inequality  (97)  imposes  greater  or  lesser  limitations  on  the  value 


206 


AD7S1417  -  225 


Of  the  Blopft  of  the  shock  front  of  the  dst’onA'^.lon.  In  turn,  the 
slope  of  the  shock  front  deteradnes  the  distance  fron  the  line  of 
Its  intersection  with  the  sonic  surface  up  to  the  axis  of  the 
charge,  and  it  is  this  distance  which  Increases  uith  the  decrease 
in  the  slope. 

Sunning  up  all  the  foregoing  conaideratlons,  one  can  draw  the 

following  conclusions.  With  strongly  degenerated  heat  liberation 

* 

kinetics,  when  the  value  P  Ins'^diately  after  shock  e.roprossion  as 
a  large  value,  the  '-onio  surface  and  the  shock  front  ore  quite 
bent  and  converge  at  a  larr:-  angle  toward  one  another  (at  the 
Unit  of  propagation  of  detonation).  Therefore,  the  stae  of  the 
Imaginary  section  cf  the  detonation  front  AO  trust  be  small.  In 
other  words,  the  thin  shell  will  not  significantly  affect  the  value 
d^p.  On  the  other  hand,  in  proportion  to  the  approach  of  the  heat 
liberation  kinetics  to  the  noraal  Irw  of  a  thermal  explosion, 

which  primarily  copslstt  In  the  reductior»  in  the  initial  value 

« 

P  (If  the  total  reaction  tiae  is  assumed  to  be  c.T.atant),  the 
slope  of  the  shock  front  and  of  the  sonic  surface  falls,  the  angle 
of  their  intersection  is  reduced,  and  the  size  cf  the  Imaginary 
section  of  the  detonation  front  AC  increases  correspondingly. 

It  is  interesting  to  note  that  In  the  experiment  a  sharp 
reduction  is  noted  in  the  slope  of  the  detonation  front,  including 
at  the  limit  of  its  propagation  (both  in  the  charge  with  a  shell 
and  In  the  ora  without  it),  during  the  transition  fron  oolld 
exploslvet  to  liquid.  Thus,  the  conclusion  about  the  reduction 
of  the  slope  of  the  front  as  the  kinetics  of  the  heat  liberation 
approaches  the  law  of  the  normal  thermal  explosion  is  confirmed 
experimentally. 

Thus,  the  effect  of  a  thin  shell  for  a  smooth  detonation 
front  must  exist  only  in  the  case  where  the  kinetics  of  the  heat 
liberation  in  the  reaction  zone  correspond  to  the  law  of  a  weakly 
degenerated  thermal  explosion.  It  should  be  emphasized  once  again 
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that  tnls  con'sluaion  1b  baaad  essentially  on  the  assumption  i.C 
"Uuivalenoy  of  the  effect  of  the  .'hell  on  vhe  subsonic  reaction 
zone  and  of  the  effect  on  the  same  •.one  of  the  degenerated  portion 
of  the  dc-tonat  'in  front  (uhich  In  the  absence  of  the  shell  must  he 
replaced  by  a  real  section  of  the  front).  If  this  assuription  is 
not  justified  with  sufficient  accuracy,  then  another  explanation 
of  the  effect  of  a  thin  metal  snell  should  be  found. 

Prom  the  diagrai.:  of  flows  shown  In  Pig.  83  it  is  . that 
not  every  shell  ma'ierlal  r-o.;  lead  to  Its  notlceacio  I'.fluence  on 
the  value  of  d  .  'or  the  examined  effect  a  definite  relationship 

Hp 

between  the  dynamic  rroperties  of  the  material  of  the  shell  and 
of  the  studied  exp.loslves  is  neces.~-iry.  In  particular,  the  shell 
density  must  be  as  large  as  possible,  ;o  that  with  oni,'  and  the 
■•ame  shock  compression  pre.s8ure  the  normal  speed  of  the  shock  front 
'n  t-ho  .shell  will  be  leas  than  the  same  speed  in  the  explosive, 
Consequently,  if  the  conclusions  drawn  here  are  more  rigorously 
Justlfleu,  then  one  can  give  a  strict  experimental  conflnnatlon 
to  formula  (86)  by  using  the  appropriate  shell  material. 

The  small  slope  of  t)ie  shock  front  nf  detonation  in  the 
charge  of  a  '’Jsiul-J  explosive  with  a  t'-in  metal  shell  also  allows 
v  cc  easily  expl  in  the  second  of  tiv  earlier  mentioned  effects 
of  a  thli.  shell.  Actually,  if  the  .cpcje  around  this  charge  Is 
filled  with  the  same  liquid  explosive,  then  It  has  no  significant 
.•ffect  on  the  detonation  propagation  within  the  confines  of  *-he 
shell,  since  in  the  determinant  section  AD  (see  Fig.  83)  the 
•'ffect  of  the  thin  shell  with  all  other  conditions  being  equal  is 
equivalent  to  the  effect  of  an  Infinitely  thick  shell  (Inforinatlon 
on  the  thickness  of  the  shell  comes  to  the  flow  of  the  explosive 
only  at  point  P).  Thus,  the  detonation  front  within  the  limits 
of  the  shell  will  be  flat  in  contrast  to  Its  shape  when  there  is 
no  shell. 
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PlSur*  84  glvtK  «  dlagnun  of  the  flovs,  arising  behind  the 
detonation  front  and  in  the  surrounding  explosive.  It  can  be 
obtained  froa  thv  dlagraa  of  flous  in  the  vicinity  of  the  attenu¬ 
ating  detonation  front,  represented  in  ?ig.  79*  If  we  assuae  that 
'vihe  speed  of  the  wave  of  reaotlon  ccsbation  is  v  •  0.  In  the 
latter  flow  systea  the  flow  behind  shock  front  4  is  essentially 
divergent  from  the  charge  axis.  Because  of  this  each  eleaent  of 
the  initial  explosive  after  shock  conpresslon  isnediately  appears 
to  be  under  conditions  of  rapid  adiabatic  expansion.  Under  such 
conditions  all  liquid  explosives  nay  undergo  separation  of  the 
posalbillty  of  ignition,  as  a  result  of  which  the  Induction  period 
becoaes  infinite  (the  surrounding  explosive  does  not  detonate,  in 
spite  of  the  increase  with  tiae  of  tha  dlasnslons  of  the  region 
of  thf  cosyressed  explosive),  llius,  the  second  effect  of  a  thin 
snell  is  related  with  the  fact  that  It  obstructs  the  bul'.dup  of 
*;he  edges  of  the  detonation  front  and  does  not  enable  it  io 
propagate  to  the  side. 


Pig.  84.  Dlagran  of  the 
flows  during  detonation 
propagation  within  limits , 
delimited  by  a  thin  metal 
shell. 


Let  us  note  that  in  solid  explosives  such  an  effect  i.n 
appare.itly  impossible  because  they  begin  to  react  laoecilately  on 
the  shooi’  front. 

Troosfer  From  the  Stationary 
Theory  of  to  the  '(onstationary 

Of  great  inteirest  is  the  investigation  of  those  liquid 
explosives,  which  are  between  tetranitroosthane  and  nitrometbane 
with  respect  to  the  peculiarities  of  the  kinetics  of  the  heat 
liberation  in  reaction  none.  As  an  exaoq>le  of  such  explosives 


209 


AD751417  -  228 


Ke  can  point  out  the  fora  of  the  transfer  from  the  statiDnary 
theory  of  d  (tetranltromethane)  to  i,he  nonstationary  theoi7 
(nltromethane) . 

Nitroglycerine  and  dlnltroglycerlne  belong  tc  the  cited 
liquid  explosives.  These  explosives  are  close  to  one  another  In 
chemical  structure  and  are  distinguished  by  thel"  high  power.  The 
strong. effect  of  the  thin  metal  shell  on  the  d  value  can  also  be 

Kp 

observed  for  thest. 

Figur*'  85  shows  time  scannings  of  the  luminescence  of  the 
detonation  fro  ‘t  ir  nitroglycerine  during  Its  tranaitlon  from  rigid 
tubes  of  varlou'.  diameters  into  a  volume.  To  Increase  the  Image 
on  the  film  of  tr.e  photo  recorder  In  these  experiments  magnifying 
lenses,  nlaced  in  front  of  the  cl^arge  at  a  distance  of  less  than 
the  focal  lenG:t!i,  were  used.  Such  scannings  for  dlnltroglycerlne 
do  not  differ  qualitatively  from  those  represented,  if  we  do  not 
consider  the  approximately  fourfold  Increase  in  the  critical 
diameter  in  the  latter  case. 

Th''  photoscanniiigs  shown  te.-tlfy  to  the  significant  difference 
of  the  picture  <•>:'  the  transfer  drt'.t'.a'  jo.i  from  a  tube  to  a  volume 
both  from  ch  cafe  of  tecranitrometh'.iie  (see  Fig.  (1).-  as  well  as 
from  the  case  of  nxtromethiue  Figs,  76  and  77).  Attention  Is 

drawn  to  tn'"'  fact  that  after  the  passage  of  detonatloo  into  the 
volume  the  'noundarles  of  the  detonation  fro  at  reveal  special 
pulsations,  which  can  be  explained  in  the  fol'j owing  way. 

In  nitroglycerine  and  dlnltroglycerlne  the  detonation  front 
Is  one-dimensiOnal.  Therefore,  the  nature  of  the  detonation 
attenuation  during  Its  passage  into  the  volume  and  afte.*  each 
pulsation  must  be  tne  same  as  In  tetranltromethane.  At  the  same 
time  behind  tn?  shock  front,  adjoining  the  boundary  of  the  attenu¬ 
ating  detonation  front,  the  kinetics  of  the  heat  liberation 
corresponds  t'*  the  law  of  a  normal  thermal  explosion.  Therefore, 
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ju8t  as  in  nltrooethane ,  In  this  case  behind  shock  front  4  (see 
Wg.  79)  adiabatic  flashes  occur  and  detonation  In  the  coE^reased 
explosive  Is  foroed. 


Pig.  85.  H«ad>on  aaannlng  of  the  Ittalnes- 
eenoe  of  the  detonation  front  of  nltroglyc- 
e.lne  during  Its  passage  froa  a  tube  into  a 
volune.  Tube  dlaaeter  a)  1,7  b»;  b)  2,4 
on. 


It  would  seem  that  the  further  development  of  detonation 
should  take  place  according  to  the  system,  existi.'g  in  nltromethane 
however,  Instead  of  propagating  to  both  sides  from  the  site  of  its 
emer&iince,  detonation  in  a  compressed  explosive  proceeds  only 
toward  the  axis  of  the  charge,  and  trailing  behind  It  a  wave  of 
reaction  cessation  Is  propagated.  Such  detonation  behavior, 
however  paradoxically.  Is  related  with  the  small  value  of  the 
induction  period  behind  the  shock  front.  It  Is  precisely  because 
of  this  that  a  sufficiently  large  layer  of  the  congjressed  explo¬ 
sive  fails  to  Incraase  before  the  initiation  of  detonation  behind 
tt  t  shock  front,  /is  a  result,  the  initial  volume  of  the  compressed 
explosive,  which  is  encompassed  by  detoni.tion,  turns  out  to  be 
to  /  small  to  initiate  and  sustain  a  diverging  detonation  wave  in 
a  nonco'jgjressed  explosive.  For  the  same  reason  the  actonaolon  of 
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a  coapz^ased  explosive  does  not  proceed  in  the  least  t'avorable 
direction,  i.e.,  aj^inst  the  peripheral  rarefaction  wave.  In  this 
way  the  pulsation  attenuates-  However,  in  Its  place  In  the  same 
way  the  following  one  arises  and  so  on. 

It  is  interesting  to  note  that  in  pure  nitronethane  and  in 
mixtures  of  it  with  acetone  a  picture  similar  to  that  described 
above  is  occasionally  observed.  This  occur,s  when  because  of  random 
reasons  (apparently,  due  to  microbubbles  of  gas)  the  induction  time 
behind  the  shock  front  '.roves  to  be  an  order  less  than  its  normal 
value. 


Let  us  return  to  nitroglycerine  and  dlnltro3lycerine.  Depend¬ 
ing  on  the  tube  diameter  each  subsequent  flash  behind  the  shock 
rrc.'it  can  take  place  either  before  the  total  attenuation  of  the 
preceding  one,  or  after  it.  This  also  apparently  determines  the 
value  of  d  „  of  the  transition  of  detonation  from  the  tube  into 

HP 

the  volume.  Just  as  in  the  case  of  other  liquid  explosives,  it 
was  found  that  this  diameter  coinclues  with  the  critical  detonation 
diameter  of  the  same  explosive  in  a  glass  slier  On  basis 
one  can  conclude  that  in  the  given  explo.sives  the  critical  diameter 
must  be  d<'teiTtned  by  the  nonstatlonaiy  theory,  wherein  the  latter 
will  significantly  differ  from  the  case  of  liquid  explosives  with 
a  rough  detonation  front. 

In  conclusion  let  us  make  a  few  general  remarks  on  the  limits 
of  detonation  propagation  with  respect  to  the  charge  diameter  in 
all  liquid  explosives.  On  the  basis  of  what  has  been  said  It  can 
be  asserted  that  in  all  liquid  explosives  d^p  >>  Therefore, 

the  dependence  D(d)  for  all  liquid  explosives  Is  broken  off  long 
in  advance  of  a  noticeable  decrease  In  the  detonation  rate  with 
a  decrease  in  the  diameter.  This  gives  clarification  to  an 
experimental  fact:  the  weak  dependence  of  the  detonation  rate  on 
the  charge  diameter  In  all  liquid  explosives.  The  second  conclu¬ 
sion  consists  in  the  fact  that  the  width  of  the  re.nctlon  zone  In 
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all  liquid  explosives  does  not  have  a  direct  relationship  to 
and  is  atuoh  less  thnn  its  value. 

In  the  literature  one  soaetlnes  encounters  the  conpeu'ison 
of  the  sensitivity  of  an  explosive  to  a  shocic  wave  with  the  value 
of  d  [137]*  Such  a  oo«g)8ri8on  is  not  well-grounded  for  liquid 

Kp 

explosives , 

Actually,  the  sensitivity  of  an  explosive  during  shock 
initiation  is  deterained  by  the  laws  of  developnent  of  the  adiabatic 
thermal  explosion  during  heating,  which  is  fixed  using  the  active 
charge.  Consequently,  the  sensitivity  of  an  explosive  primarily 
depends  on  the  activation  energy  and  only  secondly  -  on  the  heat 
of  the  reaction.  For  exa^;>le,  in  nitromethane  and  mixtures  of  it 
with  acetone  at  one  and  the  same  pressure  of  shock  coKpression  the 
induction  period  Is  alioost  identical.  On  the  other  hand,  the 
critical  diameter  is  determined  either  by  the  conditions  behind 
shock  front  4  (see  Fig.  79}*  or  by  the  conditions  at  the  points  of 
intersection  of  the  shook  front  of  detonation  with  its  sonic  sur¬ 
face.  In  both  Instances  heating  at  the  indicated  sites  depends  on 
the  power  of  the  explosive,  idiieh  detemineB  the  detonation  rate, 
and  through  the  latter  -  also  determines  the  temperature  of  the 
shock  compression.  Consequently,  the  critical  diameter  depends 
both  on  the  activation  energy,  as  well  as  on  the  power  of  the 
explosive  (in  this  z*espeot  liquid  explosives  are  similar  to  solid). 
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fig.  I.  Bxperlwnt  with  light  reflection 
in  nltroBse thane.  1  -  aosent  of  entry  of 
the  shock  wave  into  the  liquid;  2  light 
reflection  from  the  shook  nave;  3  "  light 
reflection  from  the  front  of  nomal 
detonation;  k  «  lualneseenoe  of  nonsal 
detonation;  5  **  luainescenee  of'  the 
second  wave. 


Fig.  II.  Tlwtoscanning  of  the  lunlnes- 
cenoe  during  the  initiation  of  nitroglyc- 
erlm.  1  -  nonent  of  entx7  of  the  shock 
wave  into  the  nitroglycerine;  2  >  "halo**; 
3  •  lualneseenoe  of  the  second  wave;  4  > 
lualnesoenoe  of  neraal  detonation. 
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Pig,  III.  Experimentation  with  light  reflection  in 
nitroglycerine.  1  -  moment  of -entry  of  the  shock  wave 
Into  the  nitroglycerine;  2  -  light  reflection  from  the 
shock  wave;  3  -  light  reflection  from  the  surface  of  a 
boundary  made  from  plexlglas  with  a  deposited  aluminum 
layer;  4  -  "dark  region,"  arising  at  a  result  of  the 
oessation  of  light  reflection  from  the.  boundary ;  5  - 
luminescence  of  the  second  wave;  6  -  luminescence  of 
normal  detonation. 


Fig.  IV.  Experimentation  with  light  r-eflactlon  In 
tetranltromethane.  1  -  light  reflection  from  the  sur¬ 
face  of  a  boundary,  covered  with  a  thin  aluminum  layer, 
before  the  passage  of  the  shock  wave  through  It;  2  - 
moment  of  entry  of  the  shock  wave  into  the  liquid 
(reflection  from  the  interface  immediately  disappears); 
3  -  li^t  reflection  from  the  shock  wave  front;  ^  - 
moment  of  formation  of  detonation  in  an  undisturbed 
liquid;  5  -  luminescence  of  normal  detonation  in  tetra- 
nltroneth.3ne;  6  -  light  reflection  from  a  normal 
detonation  front. 
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Pig.  V.  Head-on  photosoannlng  of  the 
proctss  In  nltromethane  iflth  a  flat  foil# 
placed  a  certain  distance  froa  the  interface. 
1  -  noment  of  passage  of  the  second  wave  to 
the  foil. 


Pig.  VI.  Photoactnnlng  of  the 
process  of  detonation  propagation 
In  a  mixture  of  nltromethane  with 
acetone  In  a  volumetric  ratio  of 
72:28.  1  -  start  of  detonation. 
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Pig.  VII.  Photoscar  of  the  experiments 
with  light  reflection.  1  -  light  reflFc- 
tion  from  the  interface  prior  ro  the 
appearance  of  the  shock  wave  In  the  lijuid 
explosive}  2  -  moment  of  entry  of  the  shock 
wave  Into  the  medium}  3  -  "mirror”  light 
reflection  from  ihe  shock  wave;  **  -  lumlne3~ 
cence  of  the  detonation  of  chock-compressed 
nltronethane ;  5  -  luminescence  of  normal 
detonation  In  nl trome thane ;  6  -  light 
reflection  from  the  surface  of  the  detona¬ 
tion  front  (reduction  In  the  width  of  the 
image  is  caused  by  the  convexity  of  the 
detonation  front);  7  -  region  of  overcom¬ 
press  ion. 


Fig.  VIIT.  Photoscan  of  the  process  of 
detonation  initiation  In  a  mixture  of  nltro- 
ciethane  with  acetone  In  a  volumetric  ratio 
of  60:^0.  1  -  moment  of  shock  wave  entry, 

fixed  by  the  flash  of  the  miniature  charges, 
placed  on  the  interface  of  the  active 
-harge;  2  -  weak  luminescence,  corresponding 
to  detonation  of  the  shock-compressed  mix¬ 
ture;  3  -•  luminescence  of  detono'.  l■^n  in  an 
undisturbed  mixture;  4  -  repeated  adiabatic 
flashes  in  the  shock  wave. 
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Fig.  IX.  Photosean  of  the  experiments 
with  artificial  excitation  of  the  detona¬ 
tion  of  a  shock-compressed  mixture,  a) 
fixture  of  nitroaethane  with  acetone  in  a 
ratio  of  60;il0;  h)  mixture  of  nitromethane 
with  acetone  €5i35i  1  ■*  moment  of  entry  of 
the  shock  wave;  2  -  explosion  of  the 
Initiatinj;  charge,  placed  on  the  interface; 
3  -  luminescence,  of  detonation  of  the 
8hock-conipr«BCod  mixture;  ^  -  luminescence 
of  detonation  in  an  uncompressed  mixture 
(the  "fine  structure"  la  visible);  5  - 
region  of  propagation  of  the  shock  wave 
without  ignition. 
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Pig.  X.  Photoscaas  of  experiments  on 
otjsarvlng  the  Interaction  of  triple  detona¬ 
tion  configurations,  a)  free  passage  of 
configurations  through  one  another;  b) 
damping  of  configurations  up>.n  collision. 


MD-HT-23-1889-71 
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Fig.  XI .  Phetetsan  of  of  Inlttlon 

of  dBtOBBtlBB  is  s  alxtortt  of  Rltrantbane 
«tith  seBtew  «ith  a  short  pcmrfal  dls- 
flhargB.  1  «  st«3rt  of  dotoostion)  2  -  tnd 
of  dttoaetlen. 


fig.  HI.  ?hotoc««n  of  osporiSBat  to 


ohsorrs  soparttice  of  sphorlosl  dotonstion 
In  %  75:25  nitroiwthane  and  aeatooe  sixturo. 
I  «>  start  of  dotOBStlons  2  -  and  of  dotona* 
tion. 


PTD-HT-23“1889-71 
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fi%.  nZX.  PliotMetn^ef  e]9*JriMnt 
to  obfltroo  •ncflsnoe 
dotoMtlen  to  stoAdyosttt*  regime  in 
7Bi22  nltroEMtbaae  Had  aeetone  mix- 
turo.  1  •>  itcrt  of  dotonatlon;  2  - 
fo?ntt«(i  of  dttomtiee  propagating 
in  iMrsal  raglM  tiith.  toaettot  diaen- 
cioa  of  eoBfis»rttisa-.fit  tha  front. 


Pig.  XIV.  PhotOBoan  of  experlaent 
to  obaerva  diaplac  of  pulsating 
datonatlon  at  tha  liAit.  1  -  start 
of  detonation  in  lover  cube;  2  > 
passage  of  datonatlon  through  film; 
3  -  eiid  of  detonation  in  upper 
tuba. 


Pig.  zv. 


Pig.  TTL. 


Pig.  XV.  Raster  photosean.  1  r  Slou  of  detonation 
front  before  approach  to  the  air  gap. 


Pig.  XVI.  Photograph  of  detonating  change  of  HB  povder 
with  longitudinal  channels.  1  •  glow  of  products  flow" 
Ing  along  the  channels;  2  -  glow  cf  front  of  detonatijn 
prooesB. 
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